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Abstract: The synthesis and properties
of *TA%-t5 (8a) and *CG*-t5 (8b) con-
jugates, in which the self-complementa-
ry dinucleotides TA and CG are cova-
lently bound to the central ring of a-
quinquethiophene (t5), are described.
According to molecular mechanics cal-
culations, the preferred conformation
of both 8a and 8b is that with the dinu-
cleotide folded over the planar t5 back-

Giovanna Barbarella*®!

trostatic interactions. While 8b is
scarcely soluble in any solvents, 8a is
soluble in water, indicating that the ag-
gregates of the former are more stable
than those of the latter. Microfluidic-
induced self-assembly studies of 8a
showed the formation of lamellar,
spherulitic, and dendritic supramolec-
ular structures, depending on the con-
centration and solvent evaporation
time. The self-assembled structures dis-

xy plane of the substrate and nanome-
ter dimensions in the z direction. Spa-
tially resolved confocal microscopy and
spectroscopy showed that the aggre-
gates were characterized by intense
fluorescence emission. Cast films of 8a
from water solutions showed chirality
transfer from the dinucleotide to t5.
The hole mobility of the cast films of
8a was estimated using a two-electrode

bone, with the nucleobases facing t5 at
stacking distance. The calculations
show that the aggregation process of
8a and 8b is driven by a mix of nucleo-
base-thiophene interactions, hydrogen
bonding between nucleobases (non
Watson—Crick (W&C) in TA, and
W&C in CG), van der Waals, and elec-

Introduction

One of the most appealing properties of thiophene materials
is their “plasticity”: the capability to undergo small bond-
length and angle deformations extended over the entire aro-
matic skeleton in order to maximize the intermolecular in-
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played micrometer dimensions in the
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device under high vacuum and found
to be up to two orders of magnitude
greater than those previously measured
for dinucleotide—quarterthiophene con-
jugates under the same experimental

photolumines- 0
conditions.

teractions.!! The low energy barriers for conformational in-
terchange through inter-ring rotations and the aggregation
modalities governed by a plethora of weak and directional
interactions (m—s stacking, hydrogen bonding, sulfur—sulfur
contacts and so forth) may induce polymorphism®!? and
make it difficult to predict the solid-state arrangement and
related functional properties merely by inspection of the
molecular structure. Finding a way to control the supra-
molecular organization of functional thiophene oligomers
and polymers is challenging, because they are among the
best semiconducting and fluorescent conjugated materials,
and their performance in devices such as field-effect transis-
tors, light-emitting diodes, or photovoltaic cells is strictly re-
lated to the way they self-organize in thin films.! Among
the various strategies towards this goal, molecular self-as-
sembly directed by appropriate functionalization is a power-
ful bottom-up method.>® Of all possible functionalization
types, the use of biological components like DNA bases or
small proteins looks like one of the promising possibilities.!
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The biocomponents being capable of self-assembly through
known biorecognition principles, one can expect that it
would be possible to program the supramolecular aggrega-
tion modalities of the semiconductor moieties simply by
choosing the appropriate biocomponents.

So far, only a few papers have been reported describing
the fuctionalization of conjugated semiconducting materials
with biocomponents.”! A few studies are focused on the
ability of the biocomponents to induce self-assembly into
helical structures. Iwaura et al.”"! reported the synthesis of a
thymidine-functionalized oligo(p-phenylenevinylene) and
examined its self-assembling properties with a complemen-
tary polyadenosine strand in aqueous solution, demonstrat-
ing that T--A base pairing was able to induce the helical
stack of the oligo(p-phenylenevinylene) moieties. Bauerle
et al.”™ reported the “click synthesis” of a quaterthiophene
functionalized with the self-complementary adenine and thy-
mine nucleosides, and found that thanks to T--A self-recog-
nition the oligomer was able to form fibers up to 30 um in
length on highly oriented pyrolytic graphite after annealing
at 120°C. Nevertheless little is known about the way this
type of functionalization affects the optical and electrical
properties of the semiconducting moiety. Information on
this point would be relevant to another important field of
research, namely that concerning the use of charged conju-
gated polymers as optical and electrical transducers in bio-
sensors for the detection of DNA, proteins or biologically
relevant ions.”® Leclerc et al.®” demonstrated that the con-
formational changes of the aromatic backbone induced by
interaction of cationic polythiophenes with single- or
double-stranded DNA result in variations of absorption and
emission wavelengths that allow the direct detection of
single nucleotide polymorphism from clinical samples in
only a few minutes. Inganas et al.®™ demonstrated that the
interactions with DNA and the optical phenomena observed
in solution persisted when the charged polythiophene was
deposited and patterned on a surface, offering a new way to
create inexpensive gene chips for the rapid detection of
DNA hybridization or the sensing of single-nucleotide poly-
morphism.

In this framework, we have recently started an investiga-
tion aimed at gaining information on the nature of the inter-
actions between thiophene derivatives and DNA compo-
nents by means of the synthesis of model oligothiophene-oli-
gonucleotide “hybrid” molecules. We intended to explore
hybrids of different size and substitution pattern, to study
the way they interact and self-organize in solution and in
cast films, and how the presence of the biosubstituents af-
fects their optical and electrical properties. We chose to
start with a-quaterthiophene and o-quinquethiophene, both
non-commercial compounds and among the best organic
semiconductors with high charge carrier mobility.”!¥ We
have already reported the synthesis of a structurally homo-
geneous series of quaterthiophene derivatives bearing dinu-
cleotide substitutents at both terminal positions.’ We
showed that the quaterthiophene—dinucleotide conjugates
self-assemble, forming rods of micrometer length, and that
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fine changes occur in supramolecular organization, photolu-
minescence, and charge conductivity on changing the dinu-
cleotide scaffold.”? In the present paper we describe the
synthesis (from compounds 1 and 2 via intermediates 3-7)
and the properties of two dinucleotide-functionalized o-
quinquethiophenes (8a, 8b) bearing in the central position a
self-complementary dinucleotide, TA or CG, capable of
Watson—Crick base pairing.

0 TA NH, cG
NH SN
LA LA

_0 N _0 N NH
o-p=0 < | | o-pz0 ¢ f:\
0 NN 5 N N7 NH,
. :o: 0
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Molecular mechanics and molecular dynamics calculations
were carried out to gain insight into the conformational
properties and the aggregation mechanisms of these conju-
gates.

Conjugate 8b proved to be scarcely soluble in all solvents,
including water, and only UV/Vis, CD, and PL spectra in
dilute solution could be analyzed. However, compound 8a
was soluble in water at sufficient concentration and could be
investigated by means of UV/Vis, CD, and PL spectroscopy
in solution and cast film, microfluidic-induced self-assembly,
atomic force microscopy, and spatially-resolved confocal mi-
croscopy and spectroscopy. Moreover, cast films of 8a from
water were electrically characterized under high vacuum
using a two-electrode device.

Results and Discussion

Synthesis: Conjugates 8a and 8b were prepared according
to the procedures reported in Scheme 1.

Quinquethiophene 3 was obtained in 55% yield by Stille
coupling of the 2,5-dibromo-3-thiophene-ethanol (1) with 5-
tributylstannyl-2,2’-bithiophene (2) using [Pd(Ph;),] as cata-
lyst. The oligomer 3 was then reacted with an excess of 5'-
protected (4,4'-dimethoxytrityl)-deoxy-dinucleotides previ-
ously phosphorylated. After removal of the protecting
groups, the target compounds 8a and 8b were separated
from the crude mixture by reversed-phase chromatography.
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Scheme 1. a) [PdP(Phs),], toluene, reflux, overnight; b) compound 5, py,
2 h, RT; c) benzenesulfonic acid, MeOH/CH,Cl,, 0.5 h, RT; d) py, 16 h,
RT; e) NH; 30%, 24 h, 50°C. DMTr=4,4"-dimethoxytrityl, BT =benzo-
triazolyl, TEA =triethylamine.

The detailed synthetic procedures and the mass spectros-
copy, 'H and *P NMR characterizations are reported as
Supporting Information.

Molecular modeling: Computational techniques within the
framework of a molecular mechanics approach were used to
explore the conformational preferences of the conjugates 8a
and 8b. For their aggregates, extensive conformational
searches were carried out using “simulated annealing” pro-
tocols in an iterative fashion within the Amber force field as
implemented in the Macromodel program.!''*"! The calcula-
tions were performed with an implicit solvent model, which
was used to account for the presence of water, and with re-
duced charges on the phosphate groups'' to simulate the
presence of the counterions in solution.!'¥ For both 5'TA3'-
t5 and 5'CG3'-t5 monomers two principal conformations
were found, one with both DNA bases facing the t5 back-
bone and the other with only one base facing t5 (Figure 1,
monomers I and II, respectively). In both systems mono-
mer [ is more stable than monomer II, although by only a
few kJmol™. As shown in Figure 1, in the case of mono-
mer I of STA3'-t5 the nucleobases form a non- W&C hydro-
gen-bonded base pair lying parallel to the t5 plane. The
energy difference with monomer II is about 8 kimol™'. In
the case of monomer I of CG?-t5, the nucleobases are not
hydrogen bonded and the energy difference with monomer
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Figure 1. Most stable conformations of conjugates 8a and 8b and nucleo-
base-thiophene stacking distances.

II is only 4 kJmol™'. For both compounds the nucleobases
are at stacking distance from the planar t5 backbone, indi-
cating that stacking interactions play an important role in
the stabilization of the monomers.

Among all the possible dimers derived from these struc-
tures, three (A, B, and C) have been found to be the most
stable and are reported in Figures 2 and 3, with the corre-
sponding energies given in Table 1. Monomers I are more
stable than monomers II by 8 and 4 kImol™' for 8a and 8b,
respectively.

I ——

Figure 2. Most stable dimer C of *CG?*-t5 (8b) with formation of a W&C
helix between the nucleobases.
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trimer A top view of trimer A

Figure 3. Most stable dimers (A and B) and most stable trimer (A) of
conjugate *TA?-t5 (8a).

Table 1. Calculated total energies and energy components of the most
stable dimers of *TA*-t5 (8a) and *CG*-t5 (8b) and of the most stable
trimers of 8a.

AG [kImol™']  AE [kImol™'] —TAS [kJmol ']
dimer A *TA-t5 —70.92 —127.98 64.15
dimer B *TA*-t5 —66.30 —124.86 66.08
dimer C *TA%-t5 —64.33 —121.15 69.71
dimer A *CG*-t5 —68.48 —134.56 82.15
dimer B *CG*-t5 —51.83 —110.11 61.85
dimer C *CG*-t5 —94.62 —167.96 93.17
trimer A *TA*-t5 —157.80 —272.68 134.78
trimer B *TA*-t5 —143.82 —249.76 118.33

For CG?-t5, dimer C is more stable than dimers A and B
by about 27 and 43 kImol~!, respectively (Table 1). In this
case, the nucleobases form an intermolecular W&C base
pair with a helical arrangement sandwiched between the
two nearly planar and parallel t5 backbones (Figure 2).

For *TA®-t5, the situation is rather more complicated as
the stabilization energies of different types of aggregates are
very similar. Dimer A is the most stable by nearly 5 and
7 kImol™' with respect to dimers B and C (Table1).
Figure 3 shows the arrangement of dimers A and B. In the
former, the nucleobases are nearly coplanar, but do not
form a W&C base pair; there are two nucleobase layers
sandwiched between two nearly parallel t5 backbones; the
nucleobases are at stacking distance from each other and at
stacking distance from t5 (see Figure 4 in the Supporting In-
formation). In the latter, the nucleobases again do not form
a W&C base pair, but only a single nucleobase layer is
stacked between two t5 backbones, while the second nucleo-
base layer is folded at stacking distance over a single t5.

Dimer C of 8a (not shown) is characterized by an inter-
molecular W&C A--T base pair and the same arrangement
as observed for bioconjugate 8b. The lower stability of
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dimer C for 8a with respect to 8b is likely to be related to
the presence of two instead of three hydrogen bonds in the
base pair.

The addition of one more molecule to dimers A and B of
8a in order to form the corresponding trimers increases the
energy difference between the most stable forms. According
to the data reported in Table 1, trimer A of 8a now becomes
preferred over trimer B by 14 kJmol™". Figure 3 shows the
arrangement of trimer A and the corresponding top view, in-
dicating that the backbones of the t5 moieties are arranged
in a radial way surrounded by the hydrophilic phosphate
groups.

The calculations underline the importance of thiophene—
nucleobase stacking interactions in the bioconjugates of
quinquethiophene, as already observed for those of quater-
thiophene having a different substitution pattern.[™

UV/Vis, photoluminescence (PL), and circular dichroism
(CD) spectroscopy in solution and thin film: Conjugates 8a
and 8b are photoluminescent compounds in water solutions
and in cast films. Their UV/Vis and photoluminescence
spectra in H,O and in cast films, prepared from 10~ M aque-
ous solutions, are shown in Figure 4, and absorption and PL
wavelengths are given in Table 2.

The UV/Vis spectra in solution consist of a signal around
260 nm, attributed to the oligonucleotide moiety, and a
signal around 410 nm, attributed to t5. For compounds 8a
and 8b the PL spectrum in solution, arising from the t5 moi-
eties, consists of a main signal split into two bands at about
500 nm, and one red-shifted shoulder in the region of 550-
600 nm. These spectra are very similar to those of “free”
quinquethiophene, and, in general, to those of thiophene
oligomers in solution.!'”

The UV/Vis signals of both the conjugates in cast films
are almost superimposable and blue-shifted by 5-9 nm with
respect to those in solution, whereas the signals pertaining
to the dinucleotide scaffolds remain unchanged.

PL signals in cast films are red-shifted by about 30 nm
with respect to the solution. Although these blue shifts in
the UV/Vis spectra and red shifts of the PL band are small-
er compared to those obtained for the bioconjugates of the
quaterthiophene,” for compounds 8a and 8b the formation
of H-type aggregates could also be envisaged. However,
since extrinsic processes, such as exciton migration to struc-
tural defects and impurities, can influence the PL signal,
more detailed studies are required before a sound interpre-
tation of the experimental data can be given. It is worth
noting that, contrary to the bioconjugates of quaterthio-
phene, the PL signals of 8a and 8b in cast films did not ex-
hibit a remarkable sharpening with respect to the solution,
suggesting that the emission signal is generated by more
than one type of aggregate.

Owing to the low solubility of compound 8b in both or-
ganic solvents and water, CD measurements were carried
out only on compound 8a.

As in the case of quaterthiophene—dinucleotide conjuga-
tes,"! CD measurements showed a transfer of chirality from
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Figure 4. UV/Vis and PL spectra (A, =410 nm) of conjugates *TA?-t5 8a

and CG”-t5 8b in aqueous solution (5.10°°m) (top) and in films cast
from a 5.10°m and a 10~*m water solution (bottom).

Table 2. Maximum absorption and photoluminescence wavelengths of
conjugates *TA*-t5 (8a) and *CG*-t5 (8b).

Compound Conditions Amax [NM] App [nm]
8a (ol 259, 406 490, 512
(b] 262, 411 544
8b (ol 263, 422 520
(b} 259, 413 547

[a] Aqueous solution, 5x10~°m, pH 7.4. [b] Cast film from a 10>m solu-
tion in H,O.

the dinucleotide substituents to the quinquethiophene
moiety both in solution at high ionic strength and in cast
film. The CD spectra of 8a, 10°M in aqueous buffer
(pH 7.4), in aqueous buffer containing 1M NaCl, and in cast
films from H,O solutions are shown in Figure 5.

The corresponding CD data are reported in Table 3. The
spectra consist of two regions, one with a bisignated signal
at 250-280 nm assigned to the TA dinucleotide, and the
other with a signal around 400 nm corresponding to the n—
mt* absorption region of t5 and related to long-range elec-
tronic interactions between the t5 moieties.

www.chemeurj.org
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Figure 5. Circular dichroism spectra of conjugate *TA-t5, 8a; top: in
aqueous buffer, pH 7.4 (dotted line) and aqueous buffer, pH 7.4 with 1M
NaCl (solid line); bottom: in cast film from a 107> solution in H,O.

Table 3. CD data for conjugate *TAY-t5 (8a).

Sample®® A, [nm]  Ae gx10* P
1 270, 250 +0.21,-1.16 +0.08,-0.29
362 —0.41 —0.43
2 269, 249 +0.26,—1.49 +0.09,—0.44
457, 366 +0.19,—-0.68 +0.19,—0.6
3 276, 253 +0.73,2.23
407 -1.71
383 0

[a] Sample 1: Aqueous buffer, pH 7.4; sample 2: aqueous buffer, 1m
NaCl; sample 3: cast film from a 107> solution in H,O.

Upon increasing the ionic strength of the solution by ad-
dition of NaCl, hence on increasing molecular aggregation,
the t5 signals show the appearance of a weak positive band
at around 450 nm besides the signal at 362 nm already pres-
ent in aqueous buffer. Note that the crossover of the appa-
rently bisignated signal upon addition of NaCl to the solu-
tion in Figure Sa does not correspond to the maximum
wavelength absorption observed both in film and in solution
under the same experimental conditions.

In cast film, 8a shows the t5 negative signal red-shifted by
55 nm (to 407 nm), with respect to that observed in solution.
No exciton coupling signal was detected.

The CD spectra of 8a present neither changes in shape
nor sign inversion from solution to cast film, suggesting that
the aggregates formed by this conjugate are intrinsically
stable. It is worth noting that the CD data reported in
Table 3 are similar to those already reported for t4 bioconju-
gates’” and for stilbene derivatives functionalized with
DNA bases.[)

Chem. Eur. J. 2009, 15, 1876—-1885
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The calculations offer a nice guideline for interpretation
of the shape of the PL spectra of t5-dinucleotide conjugates
in cast films in comparison with those of t4 conjugates. In
the latter, the emitting center, t4, is encapsulated between
the nucleobases; as a consequence the PL bands are very
sharp in the solid state, as there is only one single type of
emitting center, as if t4 were an “isolated” molecule. In the
former, the emitting center, t5, is not “isolated” by the
screening of the nucleobases, but surrounded by several
other interacting t5 moieties. Thus, the PL bands are broad
in cast film as is usually observed for unsubstituted oligo-
thiophenes.

Microfluidic-induced self-assembly and PL and AFM char-
acterization of bioconjugate 8a: On the basis of the calcula-
tions it is reasonable to assume that in solution different
types of dimeric aggregates of 8a are present. Consequently,
we analyzed the self-organization processes of this conjugate
in controlled conditions by employing microfluidic tech-
niques.

Imbibition, filling motion, and displacement of liquids in a
confined geometry are driven by capillary forces and surface
effects, which dominate over the bulk dynamics.'**"! In par-
ticular, this means that microfluidic systems usually fulfill a
fast diffusion regime, in which the interactions of liquid mol-
ecules with the surface dominate over molecular diffusion
components of the capillary dynamics.'"*! Therefore, the ca-
pillarity phenomena usually result from the balance of two
opposing forces: liquid adhesion to a solid surface, which
tends to spread the liquid, and the cohesive surface tension
force of the liquid, which acts to reduce the liquid—vapor in-
terfacial area.'™ Such phenomena, depending on surface ef-
fects, interfacial properties, and geometry, play a crucial role
in the control of the liquid dynamics, as well as in the possi-
bility to finely address self-assembly and supramolecular or-
ganization of functional materials in micro- and nanostruc-
tures.'*8! The laminar flow rate of a capillary motion is
given by a power-law equation, dz/dt=[(Ry)*Ap)/8nz, as a
function of the hydraulic radius Ry, the capillary pressure
Ap, and the liquid viscosity 7.1

The TA®-t5 (8a) stripes patterned by microfluidics show
remarkable differences in supramolecular organization on
changing the solution concentration and the kinetics of
evaporation.

In particular, significant differences in the supramolecular
organization have been detected for three different concen-
trations of 8a in H,0: 1)1mgmL™, sampleA;
2)2mgmL™", sample B; 3) 6 mgmL™" (saturated solution),
sample C; 4) 6 mgmL™"' (saturated solution) on treated sub-
strate, sample D. Spatially-resolved confocal investigations
were performed in order to assign the PL emission to the
patterned area and to the self-assembled material with
nanometer resolution.

The volume of the solution, deposited and penetrated
inside the microchannels by capillarity, was kept constant
for all samples. In the case of samples A and B we chose to
perform the fluidic experiment in laboratory atmosphere

Chem. Eur. J. 2009, 15, 1876 -1885
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and to fix the evaporation time in order to compare the
effect of solution concentration on the self-organization of
8a. After the liquid imbibition by the channels, the elasto-
meric replicas were removed after about one hour. In the
case of samples C and D, because of the higher viscosity of
the solution, we chose to modulate the fluidic parameters by
saturating the environment atmosphere during the liquid
evaporation. In fact, we found that the combination of
the high viscosity and the vapor saturation reduces the typi-
cal velocity of capillary motion, thus allowing better control
of the molecular self-assembly inside the channels.

Atomic force microscopy (AFM) measurements of the
patterned stripes of sample A (Figure 6a—c) reveal a homo-
geneous arrangement inside the channels with the formation
of well-defined quadrangular-plate crystals, laid one on the
top of the other in an orderly way. The crystals are about 1—
2 um wide and 40-100 nm high. The optical image in true
color and the spatially-resolved photoluminescence, collect-
ed by a confocal microscope, show that the fluidic process
has not affected the optical properties (Figure 6d and 6e).

Relative intensity

480 500 520 540 560 580 600 620 640 G660 680
Wavelength / nm

Figure 6. AFM and confocal microscopy images of quadrangular-plate ag-
gregates in sample A, obtained using a 1 mgmL ™! solution of *TA%-t5 (1)
in H,O and evaporation time approximately one hour. a,b) AFM phase
signal inside micro-channel (scale bar in a) 5 um, in b) 2um); c) vertical
section of quadrangular-plate crystals; d) optical image in true colours;
e) PL spectra collected by spatially resolved confocal microscopy.
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The PL spectrum, in Figure 6e, with a maximum at 540-
550 nm, is similar to that of t5 in solution and in cast film.

The morphology of the patterned layer in sample B
(Figure 7) shows that conjugate 8a self-organizes under ca-
pillary driving forces in a supramolecular spherulitic struc-
ture made up of rodlike crystals, spatially arranged at pre-
cise angles. Spherulite morphology is commonly observed in
block copolymers that have hydrophilic and hydrophobic
blocks. Here, the different molecular concentration seems to
affect the supramolecular structure by inducing a self-assem-
bly driven by a sort of nucleation centre."*™ Moreover,
there is no relevant difference in the optical properties (Fig-
ure 7a and 7b). A deeper investigation of sample B by
AFM reveals macroscopic features with a lateral dimension

Relative intensity

Wavelength { nm

Figure 7. AFM and confocal microscopy images of spherulitic aggregates
in sample B, obtained using a 2 mgmL " solution of *TA*-t5 (1) in H,O
and evaporation time approximately one hour. a) Optical image in true
colours (scale bar 10 um); b) PL spectra collected by spatially resolved
confocal microscopy outside (1) and inside (2) the channel (the green
trace corresponds to another region inside the channel); c,d) AFM topog-
raphy and phase signal inside micro-channel (region 2; scale bars
10 pm)); e,f) AFM phase signal of self-assembled structures (scale bar
5 um) and the vertical section profile of a spherulitic aggregate.
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of about 10 um and an average thickness of nanometric di-
mensions (10-20 nm). The rodlike crystals, which are the
basic units of the spherulitic structure, have a width of about
500 nm, while the spherical nucleation centre is about 1 um
or more wide (Figure 7 c-f).

In samples C and D, owing to the increase in solution con-
centration and the consequent reduction of the capillary ve-
locity, the evaporation time of water increased and a fine
control of the driving flow was achieved. More importantly,
the reduction of the fluid velocity and the saturation of the
external conditions during the dynamical process matched
up, thus realizing a better control of the self-assembly pro-
cess and enhancing the order in the supramolecular organi-
zation of conjugate 8a.

The optical image of sample C (Figure 6 in the Supporting
Information) shows a homogeneous arrangement inside the
micro-channel. A deeper investigation by AFM reveals mac-
roscopic supramolecular structures, arranged in a sort of
radial way on different scales, surrounded by amorphous
material (Figure 6a—e in the Supporting Information). In
fact, it is possible to see, in the middle section of the chan-
nels, the formation of spherulitic structures similar to those
observed in sample B, made up of rodlike crystals arranged
around a nucleation centre in a radial way (Figure 6¢, d in
the Supporting Information). In contrast, the outside of the
supramolecular structure, at the end of the capillary front
flow (Figure 6a in the Supporting Information) and near the
edges of the micro-channels (Figure 6b in the Supporting In-
formation), shows the beginning of a dendrimeric supra-
molecular structure with a height of about 1 um, 10-20 um
long and 2-3 um wide.

To favor the formation of supramolecular structures over
the channel width, we treated the substrate with a mild
oxygen plasma, to improve the hydrophilic interactions of
the aqueous solution inside the capillary. Figure 8 shows the
AFM topography of the striped pattern in sample D and the
formation of a dendrimeric supramolecular structure. We
can recognize in the morphology of 8a the same rodlike
crystals arranged at precise angles around a vertical axis,
which acts as a nucleation site. The images in Figure 8
reveal that the self-assembly process leads to a supramolec-
ular structure that takes up all the available channel area.
Moreover, Figure 8e and f show that the aggregate emission,
with a maximum at about 530 nm detected by confocal spa-
tially-resolved PL spectra, is blue-shifted compared to that
of the other samples displaying a maximum around 540 nm.

These results confirm that the surface effects, prevalent in
a microfluidic process, act on the self-assembly of conjugate
8a by enhancing the main intermolecular interactions in the
flow direction with the formation of different types of aggre-
gates. Anyway, the fluorescence emission of the microfluidic
patterned film are similar to those from cast film, thus con-
firming that the effects of elastic stress, due to the internal
capillary pressure, on the conjugate 8a are almost negligible.

It is worth noting that the concentration range in which
the morphology changes observed take place is rather small,
indicating the presence of several types of intermolecular
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Figure 8. AFM and confocal microscopy images of dendrimeric aggre-
gates in sample D, obtained using a saturated solution of TA%-t5 (1) in
H,0 on treated substrate and evaporation time modulated during the
driving motion, in order to reduce the typical velocity of a capillary.
a,b) AFM topography of a self-assembled structure inside microchannel
(scale bar in a) 5 pm; in b) 2 um); c,d) section profiles of two different
parts of the dendrimeric aggregate; e) optical image in true colours;
f) PL spectra collected by spatially resolved confocal microscope outside
(1) and inside (2) the channel (the green trace corresponds to another
region inside the channel); c,d) AFM topography and phase signal inside
micro-channel (region 2).

forces contributing in a synergic way to the formation of the
aggregates.

Electrical characterization of bioconjugate 8a: The trans-
port properties of cast films of conjugate 8a were investigat-
ed using the same two-electrode device already described in
the case of oligonucleotide—t4 conjugates.’ The device sub-
strate consisted of two interdigitated Au electrodes, fabricat-
ed by evaporating gold onto oxidized silicon wafers and pat-
terned with photolithography (Figure 7 of the Supporting
Information) onto a ceramic support. Given the structure of
the two interdigitated electrodes, the distance between adja-
cent fingers, 20 um, was the conductor length (L). The area
of the conductor was calculated from the cross-section of
the volume between two adjacent fingers (channel), given
by the product of the finger length and the finger height
(the thickness of the gold metal). The area of a single chan-
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nel was multiplied by the number of channels in order to
obtain the total area of the conductor.

Solution-cast films of 8a in H,O were deposited onto the
substrates with a concentration (0.25 mgmL™') comparable
to that resulting in the formation of lamellar aggregates in
microfluidic-induced self-assembly experiments. To avoid
ionic conduction activated by moisture,” the electrical char-
acterization was performed under a dynamic vacuum of 2 x
10~ mbar and the samples were left in the measurement
chamber for several hours under dynamic vacuum, until a
constant current was observed with time under constant d.c.
applied voltage, before starting the electrical characteriza-
tion; then system hole conductivity can be measured."™

Figure 9 shows the current density versus voltage (J-V)
characteristics of a film of 8a on interdigitated Au electro-
des. It obeys Ohm’s law at low voltages, where the current
shows a good quadratic dependence on the voltage.
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Figure 9. Log-log plot of the J-V characteristic of a film of “TA*-t5 (8a)
on gold interdigitated electrodes. The measurement was carried out at
room temperature and under dynamic vacuum of 2 x 10~ mbar.

This behavior is typical of space-charge limited current
(SCLO), given by j=9/8¢,e,uV?L™> in the trap-free
regime, in which g, is the vacuum permittivity, ¢, is the rela-
tive dielectric constant of the material, u is the charge carri-
er mobility and L is the electrode separation. Even when
the trap-free limit is not experimentally accessible, the
above formula can be used to extract a lower limit for the
intrinsic mobility of the material, at least in the case in
which one type of carrier (holes in the present case) is re-
sponsible for charge transport. By using ¢,=3, a hole mobili-
ty of 5.8x107° cm?V~'s™! was calculated for 8a. This mobili-
ty value has to be considered as a lower limit for the hole
mobility of 8a, the SCLC current being reduced by the pres-
ence of traps. This mobility is about four orders of magni-
tude lower than that measured for unsubstituted a-quinque-
thiophene in vacuum-evaporated thin films."® However, it
is 1-2 orders of magnitude larger than that measured for t4—
dinucleotide conjugates,” probably due to both the larger
oligomer size and the greater proximity between the tS moi-
eties.
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Conclusion

Our data point to the fact that the self-organization modali-
ties of oligothiophene—dinucleotide conjugates cannot be ex-
plained only on the basis of hydrogen-bondings between
complementary nucleobases. Clearly, in bioconjugates one
cannot take into account only one part of the molecule and
assume that its interactions are the same as when this part is
not linked to another entity. New types of interactions may
indeed be generated, which may lead to unpredicted aggre-
gation modalities.

This is the case for *TA*-t5 (8a), in which the growth is
not directed by intermolecular W&C hydrogen bonds be-
tween the A--T moieties of interacting molecules, but is in-
stead governed by intra- and intermolecular thiophene-nu-
cleobase stacking interactions. Significantly, these interac-
tions were demonstrated to govern also the growth of the
bioconjugates of quaterthiophene with TA, AA, and TT di-
nucleotides, in which the size of the semiconductor moiety
was smaller and the substitution pattern different from the
bioconjugates of quinquethiophene described here.l’

On the other hand, the theoretical calculations on *CG?-
t5 (8b) indicate that when the nucleobases can form more
stable hydrogen-bonded W&C base pairs, both canonical hy-
drogen bondings and thiophene—nucleobase stacking inter-
actions might contribute to the formation of helical aggre-
gates. Unfortunately, in the case of 8b, the aggregates are so
stable that they are almost insoluble. One should then study
some kind of functionalization of the thienyl rings with
groups capable of increasing the solubility without subvert-
ing the main interactions.

In both the t5-dinucleotide aggregates discussed here and
the already reported t4-dinucleotide aggregates” thio-
phene backbones are screened by the nucleobases and sepa-
rated from each other by a distance much greater than that
observed for stacked unsubstituted quinque- and quaterthio-
phenes.'”! So, it is not surprising that the estimated hole mo-
bility of the conjugates is a few orders of magnitude lower
than that measured for unsubstituted t4 and t5 in evaporat-
ed films. Indeed, charge carrier mobility is strictly related to
semiconductor-semiconductor orbital overlap.[*!%

While the screening of the semiconductor components by
the nucleobases disfavors charge transport in the aggregates,
the separation between oligothiophene components realized
in this way favors photoluminescence. It is known that close
proximity of the aromatic backbones leads to PL quenching
in aggregates of unsubstituted thiophene oligomers.'*! In
contrast, owing to the great distance between adjacent t4 or
t5 moieties, intense photoluminescence emission could be
observed for the aggregates of t4 and t5 bioconjugates.

In conclusion, the films of oligothiophene—oligonucleotide
conjugates are electroactive, photoluminescent, and even
chiral, owing to chirality transfer from the dinucleotides to
the oligothiophenes. Enhancing one or the other of these
properties will depend on the appropriate choice of oligo-
mer size, type of biocomponent, and substitution pattern,
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which will determine the balance of interactions guiding mo-
lecular recognition.

Experimental Section

Microfluidic lithography: Microfluidic networks were obtained by struc-
tured elastomeric elements in poly(dimethylsiloxane) (PDMS) in confor-
mal contact with a silicon substrate. PDMS moulds were realized by rep-
lica molding from silicon masters, with a microchannel network of about
28 pym-wide parallel stripes, spaced at about 98 um, and a depth of
1.7 um.!"***! The silicon Si(1,0,0) substrates were cleaned before use in an
ultrasonic bath with acetone and isopropylalcohol. In order to achieve
better hydrophilic surface properties, favoring the capillary penetration
of water solutions inside microchannels, we performed an O, plasma
treatment on Si substrates (=3 s, rf power=50 W, pressure =52 mTorr).
The replicas were imbibed with aqueous solutions of *TA*-t5 (8a) at dif-
ferent concentrations, which filled the elastomeric channels by the capil-
lary effect. After the complete evaporation of water, the PDMS moulds
were peeled off, leaving a striped pattern of molecular material deposited
on the silicon substrate.

Atomic force microscopy: AFM images were taken using a Solver Pro,
NT-MDT instrument working in semicontact mode.

Optical microscopy: The optical images and the photoluminescence (PL)
spectra were taken using a confocal laser scanning microscope FluoView
1000, Olympus, with an xy resolution of about 200 pm.

UV/Vis and CD spectroscopy: Absorption spectra were taken on a
Perkin—Elmer Lambda 20 spectrometer, and CD spectra were recorded
by using a spectropolarimeter JASCO J-715 under ambient conditions.

Electrical characterization: Substrates consisted of two interdigitated
comb-like gold electrodes deposited onto a layer of silicon dioxide ther-
mally grown on silicon plates. Each electrode was composed of 13 fingers
4 mm long. The thickness of the oxide was 1 pum and that of the metal
layer was 0.6 um. The distance between two consecutive gold fingers (the
spacing between the two electrodes) was 20 um. The active area, calculat-
ed from the free space between the gold fingers, was 4.35x107* cm?
Films of 8a were deposited onto the substrates by casting an aqueous so-
lution (5 pL) in order to completely cover the interdigitated area. The
concentration of the solution was 25 gL, leading to films with a thick-
ness higher than that of the electrode layer. The film thickness, measured
with a Tencor Alphastep 200 profilometer, was in the range 1.1-1.4 um.
The samples were dried under ambient conditions. The electrical charac-
terization was performed, at ambient temperature, under dynamic
vacuum (2 x 107> mbar). The current—voltage curves were taken by using
a Keithley 487 source-picoammeter.
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