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Robby Reynaerts,™ Kunal S. Mali,” Steven De Feyter,” Alain M. Jonas,”” E. W. Meijer,*®% and

Ghislaine Vantomme**

Here, we report on the synthesis of discrete oligomers of alkyl-
bridged naphthalenediimides (NDIs) and study their molecular
nanostructures both in bulk, in solution, and at the liquid-solid
interface. Via an iterative synthesis method, multiple NDI cores
were bridged with short and saturated alkyl-diamines (C; and
C,,) or long and unsaturated alkyl-diamines (u,Cs; to ugCiq) at
their imide termini. The strong intermolecular interaction
between the NDI cores was observed by probing their photo-
physical properties in solution. In bulk, the discrete NDI
oligomers preferentially ordered in lamellar morphologies,
irrespective of whether a saturated or unsaturated spacer was

Introduction

When organic and polymer chemistry join forces, oligomeric
materials that are perfectly defined at the molecular level can
be synthesized." This class of materials has shown unprece-
dented properties linked to their well-defined nanostructures,
making them exciting targets for nanotechnology.”™ In fact, by
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employed. Moreover, both the molecular architecture as well as
the crystallization conditions play a significant role in the
nanoscale ordering. The long unsaturated alkyl chains lead
preferably to folded-chain conformations while their saturated
analogues form stretched arrangements. At the solution-solid
interface, well-defined lamellar regions were observed. These
results show that precision in chemical structure alone is not
sufficient to reach well-defined structures of discrete oligomers,
but that it must be combined with precision in processing
conditions.

the controlled assembly of discrete structures, molecular events
can be amplified from the nano- to the macroscopic scale and
lead to distinct function.”® However, the preparation of precise
oligomer materials requires a great synthetic effort, either by
iterative, multi-step syntheses or by the separation of disperse
oligomeric mixtures. Therefore, the examples of precision
oligomer materials with a molar mass dispersity £ < 1.0001 are
rather scarce. This raises the question of the trade-off between
synthetic efforts and novel properties in these molecularly
perfect materials, not only in bulk but also at the liquid-solid
interface.

A well-studied moiety in structured materials and suitable
candidate for precise oligomer materials is naphthalenediimide
(NDI). NDlIs are electron-poor, n-conjugated chromophores and
exhibit strong intermolecular interactions.”'” They are versatile
due to their high synthetic accessibility and tunability and can
thereby be optimized for a desired purpose. These units can be
functionalized either at the imide nitrogen or at the
naphthalene core, which results in variable photophysical and
electronic properties.”” For these reasons, NDIs have been
studied extensively, in various fields of research, such as field-
effect transistors, thin film semiconductors and in charge-
transfer complex systems,"'™'¥ but also in DNA systems and in
hydrogels."”"* In supramolecular systems, small molecules with
one NDI core®?" or polymers with multiple NDI cores have
been reported.”?? In a few examples, discrete multimeric NDI
molecules have been studied in foldamers®®' and for
(opto)electronics®**” and sensing,”® showing their potential as
precise oligomer materials.

Recently, two types of discrete NDI-based block co-
oligomers were studied in bulk and at the liquid-solid interface,
with oligo-dimethylsiloxane®*? and alkane®*? spacers. Both
the molecular architecture and the length of the spacers were

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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varied and showed a large impact on the obtained morpholo-
gies. The crystallinity of the NDIs and the phase separation
between the two blocks were shown to drive the assembly of
the well-defined nanostructures in bulk. Moreover, these
structures were assembled at the 1-phenyloctane/highly ori-
ented pyrolytic graphite (HOPG) interface and it was found that
monolayers of the unsaturated compounds mostly resulted in
larger well-ordered domains compared to the saturated
counterparts.®**

Encouraged by these interesting results on the assembly of
NDls, we herein explore the synthesis and assembly properties
of discrete NDI dimers, trimers, tetramers and pentamers
spaced by various saturated and unsaturated alkyl chains
(Figure 1). We investigate their synthetic accessibility, solubility,
processability and long-range assembly by varying the linker
length, degree of polymerization and sequence. The molecular
structures were characterized by NMR, MALDI-ToF-MS and FT-IR
spectroscopy. For the structural characterization in bulk and in
solution, differential scanning calorimetry (DSC), polarized
optical microscopy (POM), small-angle X-ray scattering (SAXS)
and UV-vis absorption and fluorescence spectroscopy were
used. Finally, the formation of assembled 2D monolayers was

investigated on liquid/HOPG interface by means of scanning
tunneling microscopy (STM).

Results and Discussion
Synthesis and characterization

Three sets of NDI oligomers were synthesized via an iterative
synthetic approach (Schemes 1 and 2). The first set consists of
two NDI trimers, C;-NDI; and C,,-NDIl;, where the spacer
between the NDI cores is a propyl or a dodecyl chain
respectively. For the second and third set, NDI oligomers with
discrete unsaturated alkane spacers were synthesized because
this spacer was expected to substantially improve the process-
ability and solubility in organic solvents. In the second set, an
alternating block co-oligomer was designed, where the number
of NDI units was varied from two to five units (u,C;,-NDI,,
u,C;3-NDI; and u,C;5-NDI;). Here, the dimer NDI has a 34-carbon
chain length compared to 33-carbon chain length of the trimer
and pentamer NDI oligomers, as this was synthetically more
accessible. Lastly, the third set consists of varying unsaturated
alkane spacers (from 34- to 100-carbon chains) flanked by two
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Figure 1. Molecular structures of NDI oligomers with saturated linkers (set 1, orange), alternating NDIs with unsaturated linkers (set 2, green) and peripheral

NDIs connected with unsaturated linkers of various sizes (set 3, blue).
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Scheme 1. Synthetic route towards three key intermediates and the subsequent synthesis of NDI oligomers u,C,,-NDI, and u,C,-NDlI, starting from these key
intermediates. Reagents and conditions: (a and b) 2.5 eq NTCDA, 1 eq amine, NEt; (b only) 50/50 DMF/THF, 75-140°C, 10 min (88% and 78%); (c) 1) 1,12-
dodecandial, phosphonium-salt, KOtBu, THF, 0-20°C, 24 h, 2) TFA, CHCl;, 20°C, 24 h (62 %); (d) C;-NMI, u,C;,-diamine, 50/50 DMF/THF, 75-140°C, 50 min

(76 %); (e) Boc-C,,-NMI, u,C;,-diamine, 50/50 DMF/THF, 75-140°C, 25 min (77 %);

140°C, 25 min (82 %).

NDI cores linked by a dodecyl chain (u,C;,-NDI,, u,Css-NDI,,
ugC,-NDI, and ugC,,-NDI,). In all oligomers, u, denotes the
number of unsaturated bonds present in the structure, C, the
longest carbon chain length between the NDI cores and NDI,
the number of NDI cores present in the molecule.

In Scheme 1, the synthetic route towards a few key
intermediates and their respective NDI oligomers is shown. In
this study, the designed NDIs were obtained using a micro-
wave-assisted protocol,?* where commercially available 1,4,5,8-
naphthalenetetracarboxylic dianhydride (NTCDA) was reacted
with either an alkyl-monoamine or alkyl-diamine. Key intermedi-
ates required for this iterative synthesis were the unsaturated
alkyl-diamine linkers and three naphthalene monoimides
(NMls). The NMIs were isolated by using an excess NTCDA in a
microwave reaction with either octadecylamine, N-Boc-1,12-
dodecyldiamine or double unsaturated N-Boc-1,33-tritriacontyl-
diamine (a tritriacontamer consists of 33 repeating units). The
remaining anhydrides were hydrolyzed by stirring the reaction
mixture in an NaOH solution. The insoluble NMI was isolated by
filtration and the carboxylate groups were subsequently
acidified with HCl to promote the condensation reaction in the
following step. The ability to isolate the NMls allows for the
synthesis of asymmetric NDIs and thus as a building block for
the discrete oligomer synthesis. The synthesis of the discrete
unsaturated alkyldiamines was based on a modified Wittig
olefination protocol (vide supra, Scheme 1) As observed
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(f) 1) Boc-u,C5,-NDI,, TFA, CHCl,, 20°C, 24 h, 2) C,s-NMI, 50/50 DMF/THF, 75—

previously with similar unsaturated alkyldiamines, the double
bonds were formed preferably in the cis-configuration.®**¥ The
Wittig olefination resulted in a mixture of inseparable cis- and
trans-isomers of which the ratio was quantified by *C NMR.

As multiple unique discrete NDI oligomers were targeted,
multiple synthesis routes were explored. The fastest and
smoothest route to obtain discrete NDI oligomers was to build
up the molecule from the center (Scheme 2), starting with
either the NTCDA unit for odd-numbered NDI oligomers, or an
alkyldiamine for even-numbered NDI oligomers. This way, two
NDI cores could be added to the starting material in each
iterative cycle. All discrete NDI oligomers were purified using
either column chromatography or precipitation, depending on
the solubility of the oligomer. After drying, all NDI oligomers
were obtained as brittle solids.

All NDI oligomers were studied in dilute solutions in various
solvents to determine their UV-vis absorbance and fluorescence
properties (Figures S1-S3). The absorption spectra show the
typical pattern associated with NDIs in a monomeric state,
indicating a low propensity for NDI aggregation. Nevertheless,
the emission spectra in bad solvents show strong, and broad
excimer emission bands originating from pre-associated aggre-
gates in the ground state.
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Scheme 2. The iterative synthetic route towards u,C;3-NDIs and the synthesis of its precursors. Reagents and conditions: (a) 2.5 eq NTCDA, 1 eq amine, 50/50
DMF/THF, 75-140°C, 20 min (76 %); (b) 1 eq NTCDA, 2.1 eq amine, 50/50 DMF/THF, 75-140°C, 25 min (90%); (c) 1) Boc-u,C;;-NDI, TFA, CHCI,, 20°C, 20 h, 2)
Boc-u,C3;5-NMI, 40/60 DMF/THF, 75-140°C, 25 min (60%); (d) 1) Boc-u,C33-NDlI;, TFA, CHCI;, 20°C, 20 h, 2) C,s-NMI, 40/60 DMF/THF, 75-140°C, 25 min (19 %).

Thermal properties of NDI oligomers in bulk

The thermal properties of the NDI oligomers were investigated
using DSC (Figure 2, Table 1). Moreover, variable temperature
POM was used to visualize the thermal transitions. The thermal
transitions of the pristine unsaturated diamines were recorded
as reference data (Figure S4). Upon heating the NDI oligomers,

we observed similitudes between the thermal transitions in
each set. All but C;-NDI; showed a melting transition T,, and a
crystallization transition T, between 100°C and 275 °C. C;-NDI,
was subjected to temperatures as high as 400°C under the
POM but no isotropic melt was observed. For all NDI oligomers,
high enthalpy values corresponding to T, were measured,
suggesting that these molecules are (partly) crystalline solids.
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Figure 2. Thermal transitions recorded of all NDI oligomers in the second heating and cooling cycle at a heating/cooling rate of 2 Kmin™'.
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Table 1. Summarized data of the thermal transitions in the NDI oligomers
and their enthalpy values.

Entry  Compound Toor AHoor T, AHg,, T,

m c
[°C] [kJ/ [°Cl [kJ/ [°Cl
mol] mol]

1 C;-NDI 85.8 9.3 n.o. - n.o.
2 C,,-NDI; 1314 2.8 273.4 98.6 256.9
u,C,,-NDI, no. - 1471 524 142.0
4 u,Cy5-NDI, 9.4 2.5 1347 220 121.8
5 u,C;5-NDlI; 99.6 7.8 1293 55.9 1224
6 u,C;,-NDI, n.o. - 237.5 489 226.8
7 u,Cs-NDI, n.o. - 220.7 73.8 206.4
8 usC,-NDI, n.o. - 2224 77.0 209.1
9 ugC,00-NDI, n.o. - 218.6 415 210.3

Many NDI oligomers show smaller endothermic and exothermic
transitions below T, and T, which did not result in a change in
birefringence in the POM images. Moreover, the material
remained un-shearable, hence we ascribed these endo- and
exotherms to order-order transitions (OOT) attributed to
changes in folded-chain conformation.®”

Surprisingly, only two NDI oligomers, C;,-NDI; and u,Cs,-
NDI,, show both a sharp T,, and T.. The combination of their
high enthalpy of fusion and sharp transitions suggests that
these two oligomers are highly ordered at the molecular level
and have therefore been studied for surface self-assembly (vide
infra). The remaining NDI oligomers, except C;-NDlI;, all display
a broad T, with u,C;3-NDlI;, u,C;,-NDI, and ugC,4,-NDI, showing
multiple endothermic transitions. The broad melting and
crystallization peaks are unexpected, as we anticipated that
these NDI oligomers would melt uniformly due to their discrete
length. Nonetheless, all the NDI oligomers that show broad T,
and T, contain cis-trans isomers of the unsaturated bond.
Consequently, multiple stable folded-chain conformations can
exist in bulk, which are prone to have unique melting or
crystallization temperatures. This point is further analyzed by
SAXS (vide infra).

Noticeably, a significant disparity is observed in the melting
temperatures of the oligomers between the three sets,
attributed to the different architectures of the oligomers and
position of the unsaturated bonds in the structure. The fully
saturated C,,-NDlI; has a high T, of 273°C, which is comparable
to other linear n-alkyl single-core NDI molecules and NDI
dimers.®” The unsaturated alkyl-NDI oligomers from the second
set have considerably lower T, varying from 129-147°C whilst
the oligomers of the third set exhibit intermediate values for T,,
varying from 218-238°C. The decrease in T,, when moving from
set 1 to set 2 is explained by the introduction of unsaturated
bonds. It is well-known in the literature that molecules
comprising unsaturated alkyl chains exhibit a lower T, than
their saturated counterparts.®** To explain the difference
between set 2 and set 3, we investigate the alkyl chains that are
linked to the NDI cores more closely. In set 2, the NDI cores are
directly attached to at least one unsaturated chain, which

Chem. Eur. J. 2024, 30, €202303107 (5 of 10)

means that folding can occur between each NDI core. In set 3,
the periphery is more crystalline due to the saturated dodecyl
spacer between the NDI cores, which results in a higher T,,..

Molecular ordering of NDI oligomers in bulk

NDI oligomers were expected to phase-separated into either
stretched or folded conformers, depending on the unsaturated
bonds in the spacer (Figure 3a). To get a better understanding
of their packing in bulk, SAXS measurements in medium-
(MAXS) and wide-angle (WAXS) operating modes were per-
formed. In Figure 3b, the scattering profiles of the NDI
oligomers are shown, and the data is summarized in Table 2. In
addition, the scattering profiles of the pristine unsaturated
diamines were recorded as reference data (Figure S5). All NDI
oligomers, except C;-NDI; and C,,-NDI;, were heated above
their T,, and slowly cooled to room temperature prior to the
scattering measurements to eliminate kinetically trapped states.
C;-NDI; and C,,-NDI; were annealed at 160°C instead. The
oligomers of sets 1 and 2 showed a principal scattering peak
(g®), with subsequent reflection peaks spaced at integer multi-
ples (2g*-6g*), which is indicative of lamellar ordering. In the
WAXS regime (7 < g <25nm™"), all NDI oligomers show very
similar reflection patterns, indicating similar packing of the NDI
cores. The sharp peak at 18.3 nm '-19.0 nm™' corresponds to a
spacing of 0.33-0.34 nm (determined using d=2mn/q), which is
assigned as the n-stacking distance of the NDI core.?”!

When comparing the MAXS region (0.1<g<7 nm™") of all
oligomers, it is observed that the tetramer NDIs from set 3
show broad and undefined primary scattering peaks g* around
0.52-0.80 nm™'. Only u,C;,-NDI, shows equidistant signals
corresponding to a lamellar morphology with respect to this
broad and undefined peak at 0.8 nm™". We expect that the long
flexible linkers with cis isomers lead to disordered structures
regardless of their crystalline periphery, the presence of which
is indicated by the sharp peaks in the WAXS region. This
observation highlights that the processing of precise oligomers
by simple thermal annealing from an isotropic state does not

Table 2. Summarized data of the volume fraction, morphology and

domain spacing for all NDI oligomers.

Entry Compound fuor Phase dipacing Aetreched
[-] [nm] [nm]

1 C,-NDI, 0.43 LAM 5.6 5.7

2 C,,-NDI, 0.34 LAM 7.7 7.9

3 u,C;,-NDI, 024 LAM 7.9 7.9

4 u,C55-NDI, 0.24 LAM 3.8 126

5 u,C55-NDI; 0.25 LAM 3.7 22.1

6 u,C;,-NDI, 0.31 LAM 5.8 127

7 u,Csc-NDI, 0.27 DIS 94 153

8 usC,s-NDI, 0.24 DIS 9.2 17.0

9 U5Cy00-NDI, 0.21 DIS 12.0 20.0
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Figure 3. (a) Schematic representation of the possible conformations of NDI oligomers. (b) 1D transmission scattering profiles at room temperature for all NDI

oligomers.

always result in well-defined bulk morphologies but requires
more precision in the crystallization conditions.

Hereafter, we investigate the long-range order in the NDI
oligomers by carefully evaluating the MAXS region (0.5<g<
7 nm™) of the scattering spectra. For all samples, the normalized
linear one-dimensional correlation function y,,,(z) was computed
by Fourier transformation of the background-subtracted Lorentz-
corrected MAXS intensity. Defining z as the direction perpendicular
to the lamellar packing, y.,(2) is identical to the self-correlation
y(@) of the electron density profile p(z) of the lamellar structure
averaged in planes perpendicular to z, p(z) = [ p(x,y,z)dx dy.*@
This correlation function comprises all direct-space information
that can be obtained from the scattered intensity. It displays peaks
at values corresponding to distances between structural elements
repeated in the z direction, positive peaks arising from correlation
between electron-richer or between electron-poorer regions of
successive unit cells of the lamellar packing, whereas negative
peaks arise from correlation between electron-richer and poorer
regions (compared to the average electron density). Different
possible theoretical electron density profiles were generated until
the self-correlation function y(2) reproduced the main features of
the experimental y.,(2). The Lorentz-corrected intensity /(q),
experimental y,,(z) and model y(z) correlation functions, and
model electron density profiles of the unit cell in the z direction,
Pru(2), are shown in Figure 4. For three oligomers of set 3, the
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correlation function rapidly dampens with distance, confirming
the lack of long-range order also detected by the broadness of the
scattering peaks. Hence, these samples are at least partially
disordered under our crystallization conditions. It is expected that
crystallization in an extended conformation should be possible
under different crystallization conditions; however, the scattering
of these samples was not analyzed further.

For the oligomers of set 1, the distance corresponding to
the first Bragg reflection is in the range of the extended length
of the molecules, and the experimental correlation functions
can be well reproduced with model electron density profiles
corresponding to a stretched conformation with tilted extended
alkyl chains.®¥ For C;-NDl,, the three NDI cores are not resolved
separately in the electron density profile, owing to their spatial
proximity in the crystals. In contrast, when the NDI cores are
separated by 12 methylene units, they pack in layers sufficiently
spaced apart to be resolved in the electron density profiles,
which also explains the relative increase of intensity of the third
and fourth order Bragg reflections in the MAXS intensity.
Possible chain conformations corresponding to the electron
density profiles of the crystals are displayed in Figure 4c.

The MAXS of oligomer u,C;,-NDI, of set 2 can be analyzed
similarly. Its first order Bragg peak again indicates a stretched
conformation with tilted alkyl chains, as supported by the
electron density profile of its repeat unit. For this oligomer, the
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lines: computed from the model electron density profiles); (c) Model electron density profiles of the unit cell in the z direction, together with possible chain

conformations.

higher intensity of the second order Bragg reflection arises from
the correlation between the two NDI units belonging to the
same molecule, which are spaced apart by ca. half the domain
spacing. When extending the oligomer at both ends by extra
dodecyl-NDI units to obtain oligomer u,C;,-NDI, of set 3, the
first significant Bragg reflection corresponds to a domain
spacing of 5.6 nm only (although a very weak shoulder at
longer distance suggests the minority presence of another form
of longer domain spacing). This is half the expected value,
suggesting that the oligomer dominantly folds to form once-
folded crystals, which is supported by the electron density
profile (Figure 4c). This would also explain the presence of two
melting endotherms in the DSC trace of this sample (Figure 2),
the first endotherm corresponding to the melting of these
once-folded crystals, whereas the second one would be
associated to the melting of extended chain crystals formed by
melting-recrystallization during the DSC scan.

150 °C
-

Intensity (a.u.)

g (nm”)

Finally, samples u,C;5-NDI; and u,C;5-NDI; of set 2 have
very similar scattering profiles and correlation functions, despite
being of significantly different molecular lengths. Their first
order Bragg peak coincides with the distance between two
successive NDI units, and the correlation between these units
rapidly fades with distance. Their DSC traces also exhibit
multiple melting endotherms. Therefore, we surmise that these
oligomers also adopt multiply-folded chain conformations in
the crystals, resulting in a rapid loss of correlation between NDI
units due to the looser stacking of folded chain crystals. Owing
to the influence of disordering mechanisms in these two
samples, it becomes difficult to identify a specific chain
conformation in the crystals.

To obtain deeper insight into the different conformational
ordering in bulk of the NDI oligomers, variable temperature (VT)-
SAXS experiments were performed with u,C;;-NDI; (set 2, Fig-
ure 5). When u,C;5-NDI; is heated beyond Tyor (>96°C), a new
reflection peak () appears at 0.87 nm™' (third order at 2.36 nm™),

Intensity (a.u.)

g (nm”)

Figure 5. Variable-temperature SAXS profile of u,C;;-NDI; with a heating (left) and cooling (right) cycle. After measuring at each set temperature, the sample

was brought to the next temperature using a 5 K min~' ramp.
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coinciding with a doubling of the unit cell in the z direction. The
possible presence of a reflection at an even longer Bragg distance
is suggested by the strong increase of the scattered intensity in
the 0.4-0.6 nm™' range. Heating over T, (122°C) but below T,
(135°C), the new set of reflection peaks become more intense and
sharper, while the original reflections (q*-3g*) decrease in
intensity. In addition, the peaks in the WAXS-region become
slightly less-defined. This suggests the emergence of crystals
involving less folded chain conformations. When u,C;5-NDl; is
heated over T, the molecular ordering fully disappears. During
the cooling measurements, it is observed that a reversible path is
followed, which means that the folded conformation is thermody-
namically favorable under these conditions, or that it is kinetically
favored by the self-poisoning of the most stable form as reported
for other precise oligomers.*" These data show the rich conforma-
tional isomerism of NDI oligomers, which can assemble into
several different folded or extended conformations, as well as
mixtures of these phases.

Assembly of NDI oligomers at the liquid/HOPG interface

The highly ordered structures characterized for C;,-NDI; and
u,C;,-NDI, prompted us to investigate their assembly at the
liquid/HOPG interface. Figure 6 shows STM images of the self-
assembled molecular networks formed upon physisorption of
C,,-NDI; and u,C;,-NDI, at the 1-phenyloctane (1-PO)/HOPG

interface, where both systems form lamellar assemblies. Figur-
es6a and b shows the large- and small-scale STM images of
SAMNs of C,,-NDl;, respectively. The image consists of bright
columns separated by darker ones. Interestingly, as anticipated
from the molecular structure of C;,-NDlI;, the bright columns
appear in groups of three, are equidistant, and are separated by
a wider dark column. Thus, we ascribe the bright columns to
the NDI cores of C,,-NDI; and the wider dark columns to the
areas where the terminal octadecyl chains are adsorbed. The
narrow dark regions in between the triple bright columns can
thus be attributed to the dodecyl spacer.

While the terminal octadecyl chains could not be resolved
in the STM images obtained in 1-PO, STM data obtained at the
1,2,4-trichlorobenezene/HOPG interface reveal that the terminal
chains from adjacent C,,-NDI; columns acquire a non-colinear
conformation (Figure S6). This type of packing was previously
observed for the corresponding double NDI derivative with the
same alkyl spacer.®” The small scale STM image reveals that the
bright columns are composed of circular features with a size of
approximately 0.9 nm. These features are in good agreement
with size of the NDI core obtained from the crystallography
data and also agrees well with the size obtained from molecular
models (Figure 6¢). Occasionally the triple bright columns are
adsorbed adjacent to each other without the typical wide dark
column corresponding the octadecyl chains (Figure 6a, see top
right). We ascribe this to the desorption of the terminal chains

Figure 6. STM images of C,,-NDlI; (a, b) and u,C3,4-NDlI, (d, e) at the 1-phenyloctane/HOPG interface. (a, d) Large scale images, (b, e) high resolution images, (c,
f) Corresponding tentative models. Imaging parameters : (a, b): Vy,s=1.3 V, [, =0.05 nA, (d, €): Vie=—1.45V, ,,,=0.08 nA.
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from the surface, in which case they are backfolded in the
supernatant solution.

Figures 6d and e shows STM images of the SAMN formed
by u,C;,-NDI, at the 1-PO/graphite interface. In contrast to the
self-assembled networks of previously investigated double NDI
derivatives,®" u,C;,-NDI, does not form the typical double
lamellar structures. Instead, the bright columns, which can be
attributed to the NDI cores, are equally spaced out similar to a
single NDI derivative with the main difference being presence
of a visible alternation in brightness of the darker columns in
between. A high-resolution STM image of the network provided
in Figure 6e reveals the presence of bright protrusions within
the darker columns. These features are slightly smaller in size
and less bright (red circle, Figure 6e) compared to those arising
from the NDI cores (blue circle, Figure 6e). We ascribe these
bright protrusions to the trans isomer of the double bonds
present in the Css-alkyl spacer, which are known to appear
bright in STM images, and to adsorb preferentially to the cis
isomer.*?*! These data suggest the tail-to-tail extended con-
formation of u,C;,-NDI, on the surface (Figure 6f). However,
another possible explanation for these protrusions is that one
side of the molecule comprises adjacent C,g-chains, while the
other end consists of a folded u,Cs,-chain, as proposed in the
SAXS analysis. This alternative seems unlikely because alkyl
chains are known to adsorb in an extended conformation on
graphite surface as it is energetically favorable. Furthermore, it
is well known that the chains have a specific registry with the
substrate lattice®**! and hence they are almost always oriented
along one of the main symmetry axes of graphite lattice. Any
deviation from such registry is energetically unfavorable.
However, we also note that bent conformations have been
reported albeit rather rarely,”? and complete folding of the
chains as inferred from the SAXS analysis has also been
reported although for specially designed systems such as
foldamers.*” The unit cell parameters of u,Cs,-NDI, are a=
0.9+0.1 nm, b=6.2+0.3 nm, and y=89+1°.

The large scale STM image provided in Figure 6d also indicates
intermixing of the double bond containing spacers within the
regions where terminal alkyl chains are adsorbed. This indicates
that the molecules of u,C;,-NDI, do not stack perfectly and in fact
show regular shifts as depicted in the molecular model provided
in Figure S7. The clustering of the bright features corresponding
to the double bonds indicates that the shift occurs in a
cooperative fashion. The molecular model presented in Figure S7b
indicates that such shifts are possible due to the close match
between the length of the u,Cs,-spacer and combined length of
the two terminal alkyl chains oriented in a non-colinear fashion. As
both spacer and terminal alkyl chains stack parallel to each other,
we expect that the two double bonds within the spacer possess
trans geometry. It follows that the structure is selective towards
only one conformation of the unsaturated spacer alkyl chain. We
observed that such imperfect regions get removed upon anneal-
ing of the sample and the network becomes more regular.

To provide a proper comparison between the investigated
saturated and non-saturated NDI derivates, we additionally
investigated the self-assembly of u,Cs;;-NDI; at the 1-PO/HOPG
interface. As shown in Figure S8, it forms a similar packing to
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u,C;,-NDI, with the spacing of the bright columns being equal in
length despite the presence of a spacer which differs in length
from a single terminal alkyl chain. As all alkyl chains appear to
follow only one conformation as shown in the high-resolution
image in Figure S8b, the alkyl spacers would also be required to
possess only double bonds with a trans conformation.

Conclusions

The synthesis and assembly of a library of discrete alkyl-bridged
NDI oligomers was presented. All three sets of discrete
oligomers were obtained pure but in limited quantity due to
the extensive synthetic effort. Nevertheless, detailed analysis
showed that the molecular design of the NDI oligomers
logically has a paramount role in the molecular properties in
both solution and bulk. In general, the NDI oligomers tend to
form lamellar morphologies via crystallization-driven assembly.
The oligomers with shorter linkers preferably assemble in an
extended conformation, while the oligomers with longer linkers
show a mixture of folded-chain conformations and disordered
morphologies due to the presence of the unsaturated spacers.
The self-assembly of selected NDI oligomers was studied at the
solution-solid interface using STM and revealed that the trans
oligomers selectively adsorb in an extended conformation on
the surface, leading to well-defined regions.

With this work, we gain insights into the influence of
molecular design on the nanostructures of precise oligomer
materials. Next to the challenge to synthesize these precise
oligomers, the results have shown that the formation of long-
range ordered structures is not trivial because complex
assemblies can occur. The presence of long unsaturated alkyl
chains, necessary for better solubility, simultaneously leads to
entropic effects with the formation of folded conformations. To
also achieve a high degree of precision in morphology, it is
therefore essential to apply precise crystallization conditions to
control the assembly pathway. With this study the frontiers in
oligomer synthesis, molecular analysis, and ordered
supramolecular assemblies of precise oligomer materials are
pushed forward, while at the same time the limitations in this
endeavor are made clear.

Experimental Section

Details on synthesis, characterization of synthesized molecules,
additional UV-Vis and fluorescence spectra, details of the thermal
and morphological analysis, and STM results are provided in the
Supporting Information.
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