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Supramolecular polymerization: challenges and
advantages of various methods in assessing the
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Oligothiophenes with branched alkyl end groups show distinct aggregation in organic solvents. The
process of supramolecular polymerization is assessed by three different methods (UV-vis absorption and
fluorescence emission spectroscopy and dynamic light scattering) to exclude artifacts. An apparent
dependence of the degree of aggregation on the concentration of the oligomers is observed. Above the
upper limit of concentration (a lower micromolar range for the present class of compounds), experi-
mental data delivered conflicting results and the concentration should not therefore be exceeded.
Scanning force microscopy and molecular dynamics simulations confirm the formation of one-dimen-
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Introduction

Supramolecular (synthetic) polymers have been experiencing
steadily increasing interest since the early 1990s." Similar to
classical synthetic polymers, supramolecular homo- and co-
polymers are described.” Apart from the fundamental research,
such polymer structures are of high interest for applications
in, e.g. sensing and bioimaging. Also nature takes advantage of
supramolecular polymerizations. For example, actin plays a
crucial role in cell motility through a dynamic process driven
by polymerization and depolymerization.’> Good control over
the structure formation on the nanoscale in dilute solution
and in combination with, e.g. optical properties, is strongly
required for fluorescent organic nanoparticles. The size and
structure of these nanoparticles are engineered through
steered solute nucleation and growth rates in solvent precipi-
tation processes.* Supramolecular polymers can be classified
by the mechanism of formation.” Based on the equilibrium
characteristics between the constituting monomer units and
the polymer, cooperative and non-cooperative processes are
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sional aggregates with presumably helical arrangement of the achiral monomers.

distinguished. In the latter case, often called isodesmic
polymerization, there is just one equilibrium constant K and a
polymer is formed at any concentration or temperature. In
cooperative processes, typically a nucleus is formed with a
certain activation constant K, and above a distinct concen-
tration or below a certain temperature, the nucleus reaches a
critical size and the polymer elongates with a higher (coopera-
tive) or lower (anti-cooperative) constant K.. With the decreas-
ing height of the activation energy, a transition from the
nucleation-elongation to a downhill mechanism can be
found.® There are various models to describe the different
mechanisms. While the K,-K model assumes the formation of
dimers as critical nuclei which then elongate, the most
common for the cooperative process is given by van der
Schoot.”® Many examples in the literature for both isodesmic
and cooperative supramolecular polymerizations have been
reported and the prevailing mechanism depends on different
parameters. In a first simple consideration, plain benzene-like
-1 interactions promote rather an isodesmic and hydrogen
bonding as a cooperative mechanism, respectively.” Further
structural elements might have an impact on these inter-
actions and will influence the aggregation mechanism. Thus,
more or less significant structural variations mostly of side
groups in monomer classes can cause a change from the iso-
desmic to the cooperative mechanism or vice versa. Oligo( phe-
nylene ethynylene)s with pyridine end groups display both
cooperative and isodesmic polymerization, depending on the
shape of the backbone, whether it is bent or linear, respect-
ively.” Slight structural variations of simple (chiral) alkoxy side-
chains in triangular corresponding oligomers drive the tran-
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sition from isodesmic to cooperative aggregation.'® If cytidine
end groups are introduced to oligopyrenotides with structural
similarities to nucleotides, a change from the cooperative to
isodesmic mechanism is found."! Structure dependent self-
assembly, ranging from isodesmic to highly cooperative,
caused by hydrogen bonding, and the effects of n stacking,
hydrophobic interactions and solvent polarity are described
for benzene tricarboxamides.'*'* Depending on the bulkiness
of the substituents, a transition from isodesmic to cooperative
is found for naphthalene bisimide supramolecular homo- or
copolymers.’* BODIPY derivatives with ester and amide lin-
kages, respectively, show isodesmic behaviour based on plain
n-n interactions. If in addition hydrogen bonding works, a
cooperative mechanism is observed."®

Such a switch of mechanism can also be induced by co-
assembly. BODIPY derivatives self-assemble isodesmically but
co-assembly with anthracene promotes a highly cooperative
process.'® Small structural variations of solubilizing wedges in
the periphery of porphyrins lead to the self-assembly to H or J
aggregates via the cooperative or isodesmic mechanism."”

Another highly important factor in the mechanism is dis-
played by the solvent. A strong dependence of the mechanism
on the solvent is found for tricarboxamides."*'® In the case of
oligo(phenylene vinylene)s the influence of the solvent is
explained by the formation of a shell around the aggregates,
which stabilizes the nuclei.’® An effect of solvent polarity is
also found for merocyanine dyes with dipole-dipole driven
self-assembly.”®*! Also perylenebisimide derivatives with
fluorinated side groups display a solvent dependence of the
mechanism. In addition, they show extremely high equili-
brium constants.”> Phenylisoxazol bearing self-assembling
monomers are further examples of the solvent dependent tran-
sition of the polymerization mechanism.>?

Although concentration plays a crucial role in supramolecu-
lar polymerization, there is hardly any report on the effect of
concentration on the mechanism. Perylenebisimide dimers
show concentration dependent fast isodesmic growth but at a
reduced growth rate a cooperative mechanism is observed,
which is attributed to the folding state of the monomers.>*

In previous contributions, we have already reported on the
self-assembly of a,w-substituted oligothiophenes with plain
branched alkyl groups in solution without specifying the
mechanism of formation.>>*® Mostly, the mechanistic con-
siderations are based on UV-vis absorption measurements and
sometimes supported by emission spectroscopy. While the
concentration of the solute is often taken as an essential para-
meter for the control of supramolecular polymerization regard-
less of the concentration range, the validity of the evaluation
models is hardly questioned. Here, we show for several series
of oligothiophenes in organic solvents that, depending on the
concentration, absorption and emission spectroscopy can
deliver different outcomes and none of the methods is comple-
tely reliable in the chosen concentration regime. The strong
emission response to temperature opens the avenue for
employing these materials as nanothermometers. In addition
to spectroscopic methods, we used scanning force microscopy
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(SFM) and atomistic simulation. These studies were mainly aimed
at establishing the internal structure of the emerging aggregates.
In particular, our molecular dynamics simulations provide a real
opportunity to shed some light on the possible chiral supramole-
cular self-assemblies of a,w-substituted oligothiophenes. Both
SFM and simulation reveal the one-dimensional growth of the
aggregates, resulting in fiber-like nanostructures.

Results
Experimental results

Linear oligothiophenes with branched aliphatic end groups
and a sufficiently long backbone show expressed self-assembly
in organic solvents. The molecular structures of the employed
compounds are given in Fig. 1. In previous publications, the
synthesis of the compounds is described and the nomencla-
ture in Fig. 1 is obtained from the literature.>””*® The systema-
tic branching topology of the substituents comprises dendron-
like structures of the first (R;) and second generation (Ra-Rg).
In the following, the oligomers are abbreviated as RnTR with n
as the number of thiophene units and the different end
groups R (see Fig. 1). The difference in their bulkiness is
demonstrated by the van der Waals and molar volumes,
respectively. They were calculated using the Bicerano method,
which is based on electro-topological indices (Table 1).>°

In order to follow the aggregation process of the oligomers
in solution, we employed both UV-vis spectroscopy and fluo-
rescence emission spectroscopy as powerful tools. In the litera-
ture, often methylcyclohexane is chosen as the solvent for such
self-assembly studies. The oligomers are too highly soluble in
this solvent so that only solutions at the highest investigated

o~ Si<\N\ SN
e
Si- ;
Si- '
Ra T Rp i R:\/V\/\K Sii~~
,\/\/\
Si-
\/\/\/Si__/_ IV\/\/ /\/S/i\/\/\/\/:/\\//\\/\
;\'Si’-\/\/\
Rs T Ry
Siﬁ -
SI;\Si—“/\/\ RJ(Q%R
Re e n=7,91

Fig. 1 Structures of the investigated oligothiophenes with varying
branching topology and length of backbone.

Table 1 van der Waals and molar volumes of the respective end groups

Terminal group vdW volume/A* Molar volume/A®
Ry 424.9 703.7
Ry 455.5 751.9
Rc 506.4 832.3
Rp 486.1 800.2
Rg 587.9 961.0
R, 356.6 573.0
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concentration (0.4 mM) showed aggregation. Therefore, the
experiments were mainly performed in another even less polar
solvent, Isopar M. It is a mixture of linear and branched hydro-
carbons with a boiling point above 200 °C and a freezing point
below —70 °C. These data show that there is negligible evapor-
ation and expressed aggregation for all compounds at least at
higher concentrations in the accessible temperature range. In
order to ensure thermodynamic control, all data points were
extracted from emission spectra, which displayed a constant
intensity of subsequent runs within the experimental error.
Due to very slow aggregation kinetics, the thermal equili-
bration time for each temperature amounted to around
20 minutes. All samples were measured from high to low
temperature. Due to the automated process, the UV-vis absorp-
tions at a fixed wavelength were measured constantly within
20 min for each temperature. Exemplary full range, tempera-
ture dependent absorption spectra were recorded, too (see
Fig. 2). Additionally, a few samples were investigated also from
low to high temperature, where no hysteresis could be found,
further emphasizing the thermodynamic control of the aggre-
gation. The following diagram displays the exemplary absorp-
tion spectra of nonathiophene Rg9TRy at 0.1 mM in Isopar M
and at temperatures between 358 and 293 K (Fig. 2). It clearly
shows a slightly hypsochromic shift of the maximum and the
growth of a significant shoulder at ca. 550 nm with decreasing
temperature, indicating the aggregation of the oligomers. Five
isosbestic points demonstrate a high probability for the pres-
ence of an elementary process. The corresponding emission
spectra at a lower concentration (0.006 mM, Fig. 3) present a
strong decrease of intensity at the maximum (0-0 transition)
to almost 0 with a slight increase in the long wavelength
region fairly displaying one isosbestic point which makes the
assumption of aggregation in an elementary process probable,
too. Further emission spectra at higher concentrations are dis-
played in the ESI (Fig. S27).

If for both methods the intensities at the maximum are
extracted from the spectra (emission, Amay = 539 nm) or directly

8x10°

6x10°

4x10*
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3(I)0 4(l)0 5(l)0 6(')0 7(IJO
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Fig. 2 Exemplary UV/Vis absorption spectra of Rg9TRg in Isopar M

(0.1 mM) at different temperatures. The arrow shows the most charac-

teristic band developing with decreasing temperature and increasing
concentration of the aggregates.
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Fig. 3 Emission spectra of Re9TRg in Isopar M (0.006 mM) at different
temperatures. The arrow shows the 0-0 transition (1max = 539 nm)
which was used to evaluate temperature dependent aggregation by
decreasing the concentration of monomers and the development of the
spectra with temperature, respectively.

measured (absorption, An.c = 550 nm, see Fig. S17), respect-
ively, the temperature dependent degree of aggregation can be

€ — Emin

derived according to a = (Emaxs €min: Maximum and

€max — €min
minimum absorption at the maximum of the low energy

It — It min

shoulder) and a=1— (It maxs Iemin: Maximum

It max — If,min
and minimum fluorescence intensities at the 0-0 transition).
The formula takes into account the residual emission and
absorption, respectively, of the monomers or aggregates at the
respective wavelength. Fig. 4 shows a fairly good overlap of
both datasets (red and black triangles, respectively). From the
relatively steep increase with decreasing temperature and the
non-symmetrical shape, a cooperative mechanism is assumed.
It allows us to determine thermodynamic parameters accord-

increasing concentration
1,0 1
t °
~.
§ 081
©
o
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(=)
©
G
@ 04975 Abs 0.006 mM
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2 = Abs 0.4 mM
[a] 4
029 v Em0.006 MM
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0,0

T T
260 280 300 320 340 360 380
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Fig. 4 Aggregation of Rg9TRg at various concentrations derived from
UV/Vis (red symbols) and emission spectra (black symbols), respectively.
While emission spectra suggest a switch from the isodesmic to the
cooperative mechanism with decreasing concentration, UV/Vis displays
over the whole range of cooperative aggregation.
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Table 2 Characteristic parameters of supramolecular polymerization
for the 9 T series at c = 0.006 mM

Oligomer AH/KJmol ™ T./K K,

RA9TR, -81 295.8 4x107*
Rp9TRy —-88 318.7 6x107*
R9TR¢ -84 344.2 5x107*
Rp9TRp —-80 303.8 2%x107°
RE9TRg (fluo) —87 313.7 3x107°
Re9TRg (UV) -89 3144 1x107°
R;9TRy -77 311.6 3x107*

ing to the model of van der Schoot with two branches for the
nucleation and elongation regime, respectively.””® The values
are in quite good agreement (Table 2, entries 5 and 6) and are
in the expected range found in the literature for other oligo-
mers in organic solution.®'>?!

If the concentration is increased to 0.1 and 0.4 mM, respect-
ively, the picture changes dramatically. From the UV-vis
measurements curves for a = f(T) are shifted to higher temp-
eratures as expected in comparison to the sample at low con-
centration (Fig. 4, red circles and squares). The still non-sym-
metrical shape supports a cooperative mechanism consistent
over the whole concentration range. Although the data from
UV-vis can be fitted nicely with hardly any kink between the
two branches, a closer look at the thermodynamic data reveals
fluctuating and partially much too high enthalpies in the
range of some hundred k] mol™". Additionally, there is a sur-
prising crossing of both curves at ca. 320 K (see Discussion).
The inconsistent data might be caused by the non-linear
effects between concentration and signal intensity at relatively
high concentrations. Completely different results are obtained
from the emission measurements (Fig. 4, black circles and
squares). Moving from 0.006 over 0.1 to 0.4 mM, there is an
apparent change of the shape of the curves from non-sym-
metrical to highly symmetric and a sharpening of the aggrega-
tion step. These findings support an apparent change of the
mechanism from cooperative to isodesmic. The data can be
nicely fitted with the corresponding function, especially at the
highest concentration, delivering again a surprisingly high
value for AH (ca. 555 k] mol™') and a quite small AT (2.22 K,
derived from the fitting curve, see the ESI{). It shall be men-
tioned that the isosbestic point at low concentration smeared
out to a broad range with increasing concentration (ESI,
Fig. S2t). This is due to an overall decrease of intensity in the
long wavelength region and at low temperature. Although this
might indicate a decrease of total concentration by e.g. precipi-
tation the solution stays visually fully transparent. Analogous
measurements were performed for the compounds with
different substituents and a number of thiophene units (see
Fig. 1). Additionally, for two samples the solvent was changed
to MCH. The following figures display the degree of aggrega-
tion determined by fluorescence spectroscopy for the 9T series
at 0.006 mM in Isopar M (Fig. 5), Rg11TRg at very low concen-
trations (80 and 500 nM, Fig. 6) and the 7T series at 0.4 mM
(Fig. 7). As in the case of Rg9TRg, consistently at low concen-
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Fig. 5 Aggregation of 9 T series at low concentration (0.006 mM) dis-
playing a cooperative mechanism of supramolecular polymerization.
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Fig. 6 Aggregation of Re11TRg at very low concentration (80 and 500
nM) in Isopar M with fit curves for the cooperative mechanism according
to the literature.”*°

1.0 . y R
4 < ™ RB
c 0.8 ¢ R
2 AR
> 1 . RD
15§ e
5 064 <« R,
>
@
©
0.4 X
8
=)
5]
a 024
0.04
260 280 300 320 340

Temperature [K]

Fig. 7 Aggregation of the 7T series in Isopar M at high concentration
(0.4 mM) with fit curves according to the literature.”*®

trations, non-symmetrical curves are found pointing to a coop-
erative mechanism, while at high concentration an apparent
isodesmic behaviour prevails.

This journal is © The Royal Society of Chemistry 2018
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Also, the change of the solvent does not alter the shape of
the curve (Fig. 8).

Evaluating the “isodesmic” curves (Fig. 7 and 8) delivers
enthalpic values in the range of some hundred kJ mol™" and
AT between 1.7 and 3.1 K corresponding to the results for
Rp9TRg, (see above). From these curves, a transition tempera-
ture can be extracted at half height (@ = 0.5) according to the
literature.® Depending on the bulkiness of the branched part
and the length of the spacer between the oligothiophene back-
bone and the first branching point, an increasing temperature
from 273 K to 326 K in the order R, (273 K) < Rp, (284 K) < Ry
(290 K) < Rg (294 K) < Rg (296 K) < Rc¢ (327 K) is observed.
Although the absolute values are quite different, this order is
fairly in accordance with the highest transition temperatures
(isotropization) in the solid state.?® A slight deviation is found
in the middle region, where in the solid state the order of
increasing temperature is Ry (385 K) < R; (400 K) ~ Rp, (401 K)
<Rg (411 K) < Rg (428 K) < Rc (469 K). This small difference is
attributed to the specific effects of the additional interactions
with the solvent. Thus, the influence of the different substitu-
ents on the intermolecular interactions seems to be quite com-
parable for both the supramolecular polymers in solution and
the solid-state structures, which can be regarded as strong
support of the solid-state structure, too.

Although both spectroscopies (absorption and emission)
are based on the same species and electronic transitions, they
deliver at high concentration quite differently shaped aggrega-
tion curves. In order to support one of both results, a third
more direct method was desired. Thus, the aggregation was
followed by dynamic light scattering. This was performed
exemplarily for two samples at high (Rg7TRg at ¢ = 0.4 mM in
Isopar M) and low concentration (Rc9TR¢ at 0.006 mM in
Isopar M), respectively (Fig. 9). There is a slight shift of the
onset of aggregation in the low concentration case (Fig. 9a)
which we attribute to the deviations of the temperature control
of the two apparatus (DLS and emission spectrometer, respect-
ively) but both datasets can be nicely fitted with the model of

1.0 1 =
= R.7TR_ Isopar

£ 084 e R.J7TR.MCH
= ® R7TR, Isopar
©
= ® R7TR,MCH
[0} J J
5 0.6
=
©
G
o 0.44
o
o
o)
0 o2

0.0

260 270 280 290 300 310
Temperature [K]

Fig. 8 Comparison of the aggregation of Rg7TRg and R;7TR; at high
concentration (0.4 mM) in lIsopar M and methylcyclohexane,
respectively.
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Fig. 9 Aggregation of (a) Rc9TRc at 0.006 mM and (b) Re7TRg at ¢ =
0.4 mM in Isopar M studied by emission spectroscopy (red) and DLS
(black), respectively. Fit curves are constructed in accordance with the
literature.”*°

cooperative aggregation and are fairly congruent. In contrast,
at high concentration both curves from DLS and fluorescence
measurements differ significantly. While fluorescence delivers
a sigmoidal shape (orange circles in Fig. 7 and red squares in
Fig. 9b are identical) DLS clearly demonstrates that a coopera-
tive mechanism takes place like UV-vis shows for Rg7TRg, at ¢ =
0.4 mM in Fig. 4. Thus, the more reliable “true” mechanism is
apparently a cooperative one regardless of the absolute concen-
tration supported by both UV-vis and DLS measurements.
Apparently, fluorescence feigns a change of mechanism which
must be inherent to the method.

Although both the solvent and solute molecules are quite
non-polar, a better understanding of the solvent-solute inter-
actions can help explain the different outcomes from absorp-
tion and emission spectroscopy. Therefore, we have performed
the exemplary static light scattering of R;7TR; in Isopar M at
different concentrations. It delivers the second virial coeffi-
cient A, & —0.02 mL mol g~> assuming a dn/dc of ca. 0.28 mL
mol™" (see ESI, Fig. S31). While the absolute amounts might
be somewhat inaccurate, the negative value of 4, unambigu-
ously demonstrates preferred oligomer-oligomer and solvent-
solvent over oligomer-solvent interactions supporting a pre-
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aggregation model with close oligomer-oligomer contacts
which is also predicted by the simulation results (see below).

Additionally, revealing the supramolecular structure of the
aggregates will further support an explanation for the concen-
tration dependent apparent aggregation mechanisms.

Morphological control

All the findings correlate with the one-dimensional growth of
the aggregates. As shown in previous publications for a 13T
and 7T, fibres are formed.****° The corresponding structures
are found for all aggregates in the present report, too. Fig. 10
displays the representative topographic images of Rg7TRg and
Rp11TRg, acquired by scanning force microscopy, clearly
showing the nanoscale fibres. The 2D fast Fourier transform of
the images leads to mean interfibre distances of 5.9 nm and
5.4 nm, respectively. The width corresponds fairly to the
length of a single molecule, suggesting that one-dimensional
aggregates by n-n stacking are formed. Although the single
fibres should display a helical structure with a defined handed-
ness and the whole mixture should be racemic (see the next
paragraph), no hints for chirality are detected in the SFM
images. This is attributed to the bulky and flexible alkyl chains
that interfere with the visualization of the core chirality. We
also measured the optical activity of the solution in a chiral
solvent by circular dichroism, but no chiral induction with pre-
ferential formation of one enantiomer could be detected.

O 2 6 75 100 1256 150 176 200 2256 20 26em

Fig. 10 Tapping mode topography images of a thin film with an
average thickness of 8 nm: (a) Re9TRg and (b) Rg1l1TRg. Thin layer pre-
pared by spin casting of 1 g L™ toluene solution onto UV-O, pre-
cleaned SiO, wafer (Agilent 5500 SFM, NCH-W point probe).
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Presumably, the influence of the chiral solvent on the core
chirality is too weak.

Insightful data were provided by molecular dynamics simu-
lation with R;7TR; regarding the underlying causes of direc-
tional growth and the internal structure of aggregates.

Simulation results

In this subsection, we address the problem of equilibrium
aggregation (multimerization) in solutions of a,w-substituted
oligothiophenes simulated atomistically. A variety of comp-
lementary simulation methods that have been widely applied
in our previous research for oligothiophene-peptide molecular
hybrids®' were employed in the present study. Based on the
simulations, we suggest the structural models both of individ-
ual molecules and supramolecular self-assemblies. These
models provide the important possibility of shedding some
light on the possible supramolecular organization patterns,
their stability and the governing interplay of intermolecular
interactions. They are also useful for understanding the aggre-
gation mechanism at the molecular level. Unless specified
otherwise, the simulated compound is triblock R;7TR; and the
solvent is 1,1,2,2-tetrachloroethane (TCE). Although the experi-
mental results were mainly obtained from Isopar M as the
solvent, previous studies have revealed that in principle the
same behaviour is found in TCE but with inappropriately
shifted transition temperatures. For the simulation results the
smaller TCE molecules were chosen.

From the standpoint of molecular interactions, there are
two main ingredients that govern noncovalent multimeriza-
tion: incompatibility of molecules and intermolecular poten-
tial. Traditional incompatible molecules (“amphiphiles”) are
composed of two distinct parts — a solvophilic segment, co-
valently connected to a solvophobic segment. Aiming at
demonstrating the incompatibility of the end-capped oli-
gothiophene R;7TR;, we used the class II polymer consistent
force field (PCFF)** to calculate the Flory-Huggins interaction
parameter y of the hydrogenated groups R; and oligothiophene
segments 7T surrounded by the TCE solvent. The y provides
quantitative information on the strength of the interactions
between the dissolved species and is somewhat similar to the
second virial coefficient expressing binary interactions
between molecules. From the predicted mixing energies Epnix
of the binary systems and the coordination numbers Z expli-
citly estimated for each of the possible molecular pairs with
Monte Carlo simulations, the values of y at 298 K were found
to be 1.1 and ~50 for R; and 7T, respectively. We have also
tried to explore the influence of the solvent on the values of
the evaluated y parameters. When TCE was replaced with eico-
sane, y values were found to be 0.53 and ~46. It seems evident
that very large positive values of y should necessarily lead to
immiscibility for the oligothiophene/solvent system. In other
words, the oligothiophene segments are strongly solvophobic.
In contrast, the flexible-chain aliphatic end groups can be
classified as moderately solvophilic and, hence, TCE is a selec-
tive good solvent for these groups which tend to be solvated.

This journal is © The Royal Society of Chemistry 2018

10

20

30

40



Nanoscale

By substituting the obtained temperature-dependent y in
the general expression for the free energy of mixing of a binary
system,>® the free energy was evaluated for different tempera-
tures and solution compositions. From this, the phase dia-
grams were then determined. As expected, the upper critical
solution temperature of the 7T/TCE system is unrealistically
high, more than 1000 K, reflecting the immiscibility of the
components. For the Rj/TCE solution, however, the critical
point does not exist due to the small value of the y parameter
over the entire temperature range. Because the solution has no
critical point, binodal and spinodal curves also do not exist.
The delicate balance between the entropy term (which is calcu-
lated exactly) and the energy term (which is calculated approxi-
mately) determines the specific magnitude of the system free
energy and, hence, the presence or absence of the critical
temperature. Our calculation shows that the boundary delimi-
tating these two states lies close to y = 1.5 for the R;/TCE solu-
tion. Since the y parameter obtained for end groups is not too
different from this boundary value, we cannot exclude a weak
tendency for these groups to aggregate.

Based on the performed atomistic simulations, it is poss-
ible to construct a fairly obvious simple model of end-capped
oligothiophenes. In Fig. 11a, the terminal R; group is rendered
ellipsoid, covering the approximate extent of the atoms con-
tained in this group. The size of the ellipsoid is related to the
corresponding time-averaged radius of gyration R,. Because
the oligothiophene segment is actually a rigid rectilinear
framework, each individual molecule can naturally be rep-
resented as a dumbbell (Fig. 11b), for which both translational
and rotational movements are possible in dilute solution. It is
clear that when averaged over different orientations, each sym-
metrical dumbbell looks like a sphere that possesses a solvo-

dumbbell

core-shell

S
£
T
Q
=,

-~

Fig. 11 (a) End-capped oligothiophene R;7TR; for which the only one
(right) terminal group R; is shown. Its average radius of gyration is Rg =
20.4 A; the average length of the thiophene block is 23.7 A. (b)
Dumbbell, a simple model of structurally symmetric end-capped oligo-
thiophenes. (c) Core-shell spherical model representing a dumbbell
freely rotating in dilute solution. The outer shell consisting of soluble
parts of the molecule provides efficient shielding of the inner thiophene
segment from the solvent. (d) Intermolecular potential for molecules
R;7TR; dissolved in TCE at 400 K calculated with atomistic MD as a
function of the distance between the centers-of-mass of the molecules.
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phobic core shielded from the organic solvent by a soluble ali-
phatic shell (Fig. 11c). However, the structural anisotropy
between the diameter and length is expected to lead the dumb-
bells to have important additional self-organizing properties
compared to their spherical counterparts. To illustrate this, we
calculated the effective intermolecular potential in solution.

The intermolecular potential ¥(r) was calculated as a func-
tion of the distance r between the centers-of-mass (COM) of
two oligomers placed in a large periodic box filled with TCE
solvent. Using a 1 ps GPU-accelerated molecular dynamics
(MD) run performed in the NVE ensemble with the LAMMPS
simulation package,*® we averaged the oligomer-oligomer
interaction energy at different r, taking into account that the
interaction energy includes a pair component, which is
defined as the pairwise energy between all pairs of atoms
where one atom in the pair is in the first molecule while the
other is in the second molecule. Note that the total interaction
energy included the long-range coulombic contribution
between all the atoms in the first molecule and all the atoms
in the second molecule. The obtained time-averaged potential
¥(r) is shown in Fig. 11d.

When the COM-COM separation r is less than ~50 A, the
molecules begin to attract each other. The attraction is
enhanced when r is reduced up to 4 A, thus providing con-
ditions for the favourable n-n stacking of thiophene rings. At
r <4 A, a strong sterically driven repulsion begins. An interest-
ing result is that in the range r ~ 20 A, there exists a well-pro-
nounced energy barrier, which is due to less energetically
favourable 7T-R; interactions and interactions between 7T
blocks at a nonplanar orientation of their thiophene rings.
The existence of the energy barrier and the corresponding
potential minimum allows us to speculate that a weak mole-
cular pre-aggregation, which precedes the subsequent associ-
ation of oligothiophenes, is possible.

The dominant factor, responsible for the self-assembly of
oligothiophene-based triblocks, is the n-n stacking of inner
conjugated fragments. However, owing to the relatively weak
nature of the corresponding attractive forces, the resulting
interplay of intermolecular interactions also suggests the
dependence of the supramolecular organization on the inter-
action between end groups and the external conditions, such
as temperature, solvent quality, etc. The X-ray data, available in
the literature, suggest that the unit cells of unsubstituted
oligothiophenes (6T and 8T) belong to the space group P2,/n
and present the herringbone packing common to a great deal
of planar molecules. The distance between the nearest parallel
molecular planes is 3.6 A. It is easy to understand that two
closely located end-capped molecules cannot have parallel-
oriented thiophene segments because of the strong overlap of
the bulky end groups and their steric repulsion. In order to
weaken the overlap and maintain an energetically favourable
planar conformation, the molecules have to rotate relative to
each other to a certain angle ¢. The MD/NVT simulations per-
formed for molecular dimers, composed of two oligomers
R;7TR;, demonstrated that when the average distance between
thiophene planes is close to 4 A, the average value of ¢ is 20 + 4°
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at 298 K. With an elongation of the thiophene block, this
angle decreases; for example, we have ¢ = 15.3° for Rj9TR; at
the same r. When the intermolecular distance is increased to
24 A and more, the angle ¢ can take arbitrary values. These
results are essential for describing the general spatial organiz-
ation of the multimers being formed, but not sufficient for
understanding their local structure.

The local arrangement of thiophene stacks can be under-
stood using a simple trimer model (¢f. Fig. 12). There are three
different aggregation scenarios for compositionally symmetric
a,m-substituted oligothiophenes, depending on the rotation
angle ¢. As already noted, the parallel arrangement of thio-
phene blocks (¢ = 0) is not possible for steric reasons (Fig. 12,
left). Fairly strong steric conflicts also arise if we assume alter-
nating rotations (+¢) of neighboring molecules: in this case,
the terminal groups of the first and third molecules turn out
to be close to each other (Fig. 12, right). Rotation in the same
direction (+¢ or —¢) is the only possibility when thiophene
blocks are strongly associated (the COM-COM separation r is
close to 4 A) and have a nearly planar conformation (Fig. 12,
middle). It is clear that with this local structural motif, the
aggregation process should develop in one direction, perpen-
dicular to the long axis of the thiophene block, and lead to the
formation of a right-handed or left-handed helicoidal fibril,
i.e., a quasi-one-dimensional chiral object. Here, it is impor-
tant to stress that chiral structures are expected to arise from
achiral molecules as a result of specific intermolecular inter-
actions. To verify this, we performed atomistic MD simulations
of the R;7TRy solution in tetrachloroethane.

Eight R;7TRy oligomers were placed in the simulation box
with periodic boundary conditions, filled with TCE molecules
at a density of 1.59 g cm™>. After long equilibration of the
system at 300 K, we analyzed the formation of molecular aggre-
gates of different sizes during the productive MD run. Most
often, we observed the formation of dimers and trimers, but
after a fairly long 200 ns simulation, the formation of an aggre-
gate consisting of 8 molecules was also detected (c¢f. Fig. 13).
In support of our model arguments, illustrated in Fig. 12, we
found that the associative complexes with an aggregation
number greater than 3 are indeed characterized by the pres-
ence of a helicoidal motif, i.e., possess chirality with random
selection of the twist direction. It is natural to expect that long

no rotation (@=0) unidirectional rotation (+¢ or -) alternating rotation (+¢)

e
.

very strong overlap weak overlap, -%-conjugation strong overlap

scenarios
symmetric

Fig. 12 Schematic representation of the
expected for three self-assembling
o,w-substituted oligothiophenes.

aggregation
structurally
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Fig. 13 Representative snapshot of the R;7TR; solution in TCE.
Flexible-chain aliphatic terminal groups and solvent molecules are
depicted by sticks, while spheres are used to render the atoms of oligo-
thiophene segments. Hydrogen atoms are not shown.

chiral fibrils will arise in the solution with a larger number of
dissolved molecules.

There is an active current search for routes to create chiral
architectures from achiral molecules and for mechanisms
responsible for the appearance of chirality. It is known that
chiral supramolecular objects can occur if the molecules are
achiral, but have a specific spatial structure/shape that makes
it easier for them to pack into the twisted structures, a remark-
able and rather counterintuitive collective behavior observed
for banana-shaped (or boomerang-shaped) molecules,*® mole-
cularly achiral “shape incompatibles” comprising end-tethered
moderate and low aspect ratio rods®” and diblock rod-coil
copolymers with achiral rigid and flexible blocks.*® Our dumb-
bell-like incompatible molecules add one more example to this
list. The combination of conjugated oligothiophene blocks of
different lengths with bulky end substituents provides versatile
control of supramolecular organization, thus allowing the
rational design of long twisted fibrils with the desired dia-
meter and pitch of the helix. The helix can be either left-
(anticlockwise) or right- (clockwise) handed, left or right-
handed twist is selected randomly for every individual fibril,
thereby resulting in a macroscopically achiral ensemble of
aggregates each of which is homochiral.

The oligomer < aggregate equilibrium in selective solvents
represents a dynamic process, in which individual molecules
migrate between multimer and oligomer states. As noted in
the Introduction, molecular aggregation can proceed in prin-
ciple by two mechanisms, which correspond to (i) the multiple
equilibrium (open-aggregation or isodesmic) model of multi-
merization assuming a continuous growth/disintegration of
the aggregates and (ii) the mass action (closed-aggregation or
nucleation-growth) model of cooperative multimerization
assuming a dynamic equilibrium between the molecularly dis-
solved oligomers and the aggregates of an optimum size.*® It
seems that our simulation results suggest an isodesmic route,
which is independent of concentration (no critical concen-
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tration for aggregate formation) and characterized by a series
of equilibria between oligomers, dimers, trimers and so on,
rather than a nucleation-growth self-assembly pathway. This is
a typical stacking process, in which an essentially constant
increment of free energy accompanies the addition of each oli-
gomer to the end of the growing linear aggregate or the
removal of the terminal molecule upon disintegration of the
aggregate, a process reminiscent of linear polymerization-
depolymerization. In principle, such aggregates can grow infi-
nitely, unlike the cooperative nucleation-and-growth process,
where new aggregation nuclei are formed continuously and
their growth slows down as they approach an equilibrium
(optimal) size, so that they can grow only to a limited size.

Unfortunately, atomistic simulations of the complete self-
assembly process for the large number of R;7TR; molecules in
solution are far beyond our computational capabilities, which
are typically limited to the simulation times in the nano-
seconds range while self-assembly typically happens on much
larger time scales, up to seconds and even minutes as men-
tioned above. Therefore, we limited ourselves to the construc-
tion of multimers “manually” and the subsequent investi-
gation of their structural properties and stability. In particular,
we constructed a rather long fibrillar aggregate from the well-
equilibrated trimers (like those shown in Fig. 12, middle),
striving to maintain the correct arrangement of the thiophene
stacks, followed by an extensive relaxation simulation run that
allows the molecules to adjust their arrangement to the best
local minimum of free energy. In this simulation, we used the
method of Langevin molecular dynamics (LMD), in which the
frictional drag or viscous damping term was related to the TCE
solvent viscosity (1.484 mPa s at 20 °C). Fig. 14 shows a repre-
sentative snapshot of the simulated fibril.

During the 20 ns LMD run, certain conformational
rearrangement in the fibril occurred, but the structure main-
tained its integrity and fibrillar shape, so that the supramole-
cular aggregate can be viewed globally as a nearly linear
“super-polymer” exhibiting a large length-to-thickness ratio
and characterized by a rather high rigidity. The fibril diameter
measured as the distance separating the outermost atoms
ranges between 48 and 55 A, depending on the place where

Fig. 14 Snapshot of a helical-like (chiral) supramolecular aggregate
formed by 64 structurally symmetric o,w-substituted oligothiophenes
R;7TR; in a selective organic solvent. A helicoidal architecture consists
of more or less parallel planes or sheets of thiophene blocks which are
rotated perpendicular to their long axes in the same direction. The pitch
of helicoid is defined as the minimum distance corresponding to a 360°
rotation of the direction of the fibril. The diameter of the fibril is about
51 A. End groups are depicted by sticks, while the inner thiophene core
is rendered as a Connolly surface.
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measurement is done along the fibril axis; this is comparable
to the experimental cross-section of the surface-adsorbed oligo-
thiophene-based fibrils studied by SFM. The fibril has a well
pronounced core-shell structure with the shell consisting of
alkyl chains that screens the inner thiophene core (Fig. 14).
Such a helicoidally organized structure provides more or less
good n—n stacking of thiophene rings and, at the same time, a
weak overlap of bulky end groups. The shape persistence and
rigidity of the helical aggregate are mainly determined by the
solvophobicity of oligothiophenes and the strength of n-n
stacking. Of course, solvophobic effects are not explicitly taken
into account in the LMD simulation, but the attraction
between the thiophene rings per se along with the van der
Waals interactions stabilizes the structure. As in the case of
smaller aggregates discussed above, the disintegration of the
long fibril is possible only when the terminal molecules split
off and go into the solvent.

Discussion

The aggregation curves of the oligothiophene series with
various branched substituents display a strong dependence on
the concentration and the applied method. UV-vis absorption
spectroscopy leads to non-symmetrical curves of a = f(T) with
a sudden increase of a with decreasing temperature and a
much smoother branch suggesting a cooperative mechanism.
This is valid for the whole concentration range between 0.006
and 0.4 mM. Interestingly, the curves become flatter with
higher ¢ leading to a physically surprising crossing of the
curves. This finding suggests that the assumed strictly linear
behaviour between c and absorption, which is the basis for the
whole evaluation, is no longer valid. Additionally, extracting
the enthalpy from the two regimes (elongation and nucleation)
delivers strongly different values which makes the data from
absorption measurements at higher concentrations question-
able. Still, the cooperative mechanism is supported by DLS
measurements although it has to be considered that the scat-
tering intensity is composed of two effects. On one hand, the
intensity I should be proportional to the number of aggregates,
and on the other hand, it should follow a power law I ~ r° with
the growing size of the aggregates.”® The latter would strongly
overestimate the scattering of the aggregates. Thus, the results
from DLS have to be considered cautiously, too. Both methods
measure the increasing concentration of aggregates. In con-
trast, from the fluorescence measurements the decrease of the
concentration of the oligomers was derived. This shows a
similar shape of the curves for low concentration supporting
the cooperative behaviour. With increasing concentration, they
become much steeper with a sigmoidal shape displaying an
apparent change of mechanism to isodesmic aggregation. At
low concentration the validity of the Lambert-Beer law can be
still assumed, i.e., the fairly coincident curves (Fig. 4) support
the cooperative mechanism. With increasing concentration
energy loss processes have to be considered like quenching®®
or energy transfer (e.g.,, FRET). A broadening of the
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emission spectra with increasing concentration supports
the assumption of quenching but the ratio of
Iy-o(oligomer) : I, (aggregate) changes from ca. 4.5 over 1.6 to
1.3 for ¢ = 0.006, 0.1 and 0.4 mM, respectively. This is expected
for an energy transfer between oligomers and aggregates, too.
On the other hand, a first increase of the intensity of the aggre-
gate emission with lower T is followed by a decrease and sub-
sequent smearing of the isosbestic point. This could be caused
by quenching of aggregate emission with increasing concen-
tration of aggregates, too, and would suggest that the change
of ratio I, o(oligomer) : I;,,c(aggregate) can also be generated by
plain quenching. Both quenching and energy transfer are
favoured with smaller intermolecular distances. Although the
average distance between single molecules even at ¢ = 0.4 mM
is far above the van der Waals distances (see Table 1), the pre-
sented oligomer/solvent combinations are predestined for
such processes as the negative second virial coefficient
demonstrates preferred solute-solute over solute-solvent inter-
actions. Thus, pre-aggregation can be assumed favouring
energy exchange or loss processes between oligomers and
aggregates. The specific form of the effective intermolecular
potential calculated by us (see Fig. 11d) confirms the possi-
bility of preliminary aggregation of oligomers in a highly
dilute solution. In particular, the existence of the energy
barrier and the corresponding local potential minimum of the
intermolecular potential can contribute to a weak molecular
pre-aggregation, which precedes the subsequent association of
oligothiophenes.

The extremely sharp sigmoidal transitions found for the
higher concentrations give the opportunity to use the emission
characteristics for sensing applications. As described above,
there is a steep jump from the aggregated to the non-aggre-
gated state with AT between 1.7 and 3.1 K determined at the
0-0 transition and extracted from the fit equation (see the
ESIt). The full jump between a = 1 and 0 takes place within
down to ca. 7 K (the steepest slope at a = 0.5 for Rg7TRg at
¢ = 0.4 mM (Fig. 7)). Within this step the emission changes
from ca. 10° to 0 cps. Hence, with an accuracy of the emission
measurement of ca. 20 000 cps a sensitivity up to 0.14 K can be
derived for the determination of the temperature.
Furthermore, with the appropriate choice of concentration and
molecular structure of the oligomer, the accessible tempera-
ture range can be chosen between ca. 0 and 100 °C. Thus, the
oligomers might act as fully reversible nanothermometers.

The MD simulations performed in this study demonstrate
that o,o-substituted oligothiophenes with flexible-chain ali-
phatic terminal groups can self-assemble in a selective organic
solvent into helical-like (chiral) nanofibrils due to the interplay
between the strong n-n attraction of the insoluble oligothio-
phene blocks and the steric hindrance of the soluble aliphatic
chains. The SFM analysis of the adsorbed structures unam-
biguously reveals the fibrillar morphology of the aggregates.
Unfortunately, chirality is not yet supported by an experi-
mental observation since it is quite difficult to elucidate it at
the molecular level. We conclude from the simulations that
within a single fibril, the vector orientation field is distributed
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with a well-pronounced regular twist about the fibril axis.
Although each individual fibril is a homochiral object, its
“sign of chiral purity” is the result of remembering a random
selection of the sign of the small fluctuations occurring in the
initial state with the subsequent amplification of this selec-
tion. We expect, therefore, that in a macroscopic system, chiral
aggregates should form a racemic mixture with equal weights
of right-handed and left-handed states and the delta-function-
like chirality charge distribution centred at zero. Significant
deviations from (macroscopic) zero chirality charge may only
result from a strong interaction between neighbouring aggre-
gates. However, this is not possible in solutions. Thus, the
hypothesis that the system forms a racemic mixture of chiral
fibrils seems plausible.

Conclusions

Oligothiophenes with 7, 9 and 11 thiophene units and
branched end-groups display distinctive aggregation in organic
solution upon cooling. The oligomers self-assemble into one-
dimensional aggregates as revealed by SFM and molecular
dynamics simulations. Despite the non-chiral structure of the
oligomers, they arrange in helical conformations as derived
from the simulations because of the bulky end-groups. The
aggregation can be followed by UV-vis absorption, fluorescence
emission spectroscopy and DLS. Regardless of the molecular
structure at low concentration a non-symmetrical curve is
obtained, suggesting a cooperative aggregation mechanism.
With increasing concentration, the degree of aggregation
derived from UV-vis spectroscopy shows a flattening of the
curves still maintaining the cooperative behaviour in agree-
ment with the results from DLS. In contrast, emission spec-
troscopy displays a change to sigmoidal curves with an appar-
ent switch to “isodesmic” aggregation. Further photophysical
experiments would be required to elucidate the origin of the
differences. Although fluorescence spectroscopy seems to
deliver less reliable results with respect to the aggregation
mechanism, it could be highly useful as a nanothermometer.
Despite the higher reliability of the absorption measurements,
they have to be taken cautiously, too, because of the
contradictory behaviour (crossing of the curves and unreliable
enthalpy values) especially at high concentrations and low T.
Hence, for studies on supramolecular polymerization with
higher concentrated solutions a proper adaptation of the
method and at least two different methods should be
considered to exclude artifacts. If it is possible an upper limit
of concentration should not be exceeded. For the present
class of compounds this would be in the lower micromolar
range.
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