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ABSTRACT: The fabrication of highly ordered nanostructured surfaces is desirable in supramolecular chemistry and envis-
aged to bolster advances in heterogenous catalysis and microelectronic applications. Here we report on a novel set of alkyl-
ated double N,N’-bis(n-alkyl)-naphthalenediimides (NDIs) for the functionalization of highly oriented pyrolytic graphite
(HOPG) with precise double lamellar morphologies. A detailed analysis of the two-dimensional (2D) self-assembled mono-
layers by scanning tunneling microscopy (STM) reveals that the structural repeating unit of the double lamellae is tuned
precisely by the length of the alkyl chain that is connecting the NDI units. However, the expected odd-even effect is disturbed
within the monolayers of the series of homologues. In contrast, a clear odd-even effect is observed for the melting tempera-
tures of the respective bulk materials. Small angle X-ray scattering reveals that these bulk materials exhibit nanophase-sepa-
rated lamellar phases with domain spacings that are slightly larger than the repeating units of the double lamellar structures
formed on the HOPG surface. The discrepancy is assigned to a partial desorption of the alkyl spacer from the HOPG surface,
which becomes more pronounced when increasing its length. Our findings suggest that this lengthening increases the confor-

mational freedom of the molecules on surface while retaining a double lamellar morphology.

B INTRODUCTION

The realization of highly regular patterns on surfaces has
become a major goal in the fields of supramolecular chem-
istry and nanotechnology'-¢ since it is considered a crucial
step towards achieving novel functional surfaces with appli-
cations in organic electronics,”8 analyte-recognition® and
heterogenous catalysis.!? As an attractive alternative to top-
down methods that commonly involve lithographic steps,!?
bottom-up chemistries aim for the precise and highly regu-
lar positioning of molecules via the formation of directional,
non-covalent interactions.!2-14

The non-covalent interactions that are typically used to gen-
erate patterned surfaces are well-known from supramolec-
ular chemistry'> and comprise van der Waals interac-
tions,16-19 hydrogen-bonding,20-26 halogen-bonding?728 and
coordination chemistry.2?-31 In contrast to supramolecular
structures that are prominent in solution or bulk systems,
the morphologies formed at surfaces depend on additional
parameters. When designing adsorbates rationally, adsorb-
ate-adsorbate, adsorbate-solvent and substrate-adsorbate
interactions need to be considered.3? Achieving a suitable
interplay of the interactions between all components and
optimizing the preparation techniques is required for the
formation of two dimensional (2D) supramolecular mono-
layers in high regularity.3® A structural investigation of
monolayers is often performed by atomic force microscopy
(AFM)3435 or scanning tunneling microscopy (STM)3¢ since
these techniques offer a (sub)molecular resolution.?” Typi-
cal examples for the morphologies that have been observed
for self-assembled monolayers are honeycomb patterns or
lamellae38 which can exhibit structural details such as chiral
textures3? and vertical nanophase separation.*? In addition,

monolayers formed by a series of homologues may exhibit
a periodical structural rearrangement that is governed by
an odd-even effect.#142

0dd-even effects are well-known phenomena in chemistry
and physics.#1-47 One of the most prominent examples is the
non-linear increase of the melting temperatures of n-al-
kanes.#84° The addition of one methylene group to an n-al-
kane of odd chain length is accompanied by a rather distinct
increase of the melting temperature. When a methylene
group is added to an n-alkane of even chain length, however,
the melting temperature is increased only marginally or
even slightly decreased.*84° The odd-even effect of the melt-
ing temperatures stems from differences in the crystal
packing within the series of homologues. Although all com-
pounds crystallize in the all-anti conformation, homologues
with an even number of methylene groups form more
densely packed crystals. Owing to the denser crystal pack-
ing, the homologues with an even number of methylene
groups exhibit somewhat higher melting temperatures than
their neighbors that contain an odd-number of methylene
groups.*8:50

On highly oriented pyrolytic graphite (HOPG) surface, ad-
sorbed n-alkanes arrange in an all-anti conformation, since
the epitaxial adsorption energy for each methylene group in
a 2D monolayer is 64 meV (1.5 kcal/mol).3?2 Owing to this
all-anti conformation, the terminal methylene groups are
pointing either to one side (syn) or to opposite sides (anti)
of the molecule. As a result, supramolecular monolayers
prepared from alkyl chain functionalized molecules typi-
cally exhibit a periodic modulation of surface structures
that follows an odd-even trend.*! An exemplary STM study
describing such an odd-even effect on HOPG surface has



been conducted by Kim et al.5! They investigated the ad-
sorption of dicarbamates that were both connected and ter-
minated by alkyl chains on HOPG surface. Given by the all-
anti conformation of the adsorbed alkyl chains, an even
number of methylene groups in the central alkyl chain re-
sulted in an anti-arrangement of the terminal alkyl chains
with respect to each other. Analogously, a syn-arrangement
was observed for derivatives containing an odd number of
methylene groups in the central alkyl chain. Since AFM and
STM only image the surface morphologies, other techniques
such as nuclear magnetic resonance (NMR),5? differential
scanning calorimetry (DSC),5? attenuated total internal re-
flection infrared spectroscopy (ATR-IR),>? electron diffrac-
tion,>* neutron>2°35556 and X-ray scatterings-58 become
more suitable to obtain structural information once multi-
layered or bulk materials are formed. Previous studies indi-
cate that the structure of the physisorbed self-assembled
monolayer does not necessarily represent a 2D slice of the
3D crystal of the same material. This is due to the additional
interactions prevalent at the solution-solid interface.5%60

The ability of N,N’-bis(n-alkyl)naphthalenediimides (NDIs)
to form self-assembled structures in crystalline bulk mate-
rial5861-64 and on surface!438405965 has been studied in de-
tail. This class of compounds is of particular interest due to
n-type semiconducting propertiesé266-¢° and straightfor-
ward chemical modification.626370 The determination of the
crystal structures of various alkylated NDIs indicated that
in bulk, the compounds are typically arranged in lamellar
phases.>® The domain spacings of the investigated crystals
were defined by the molecular dimensions of the mi-
crophase segregated NDI cores and the alkyl chains of the
molecules.>® In contrast to bulk materials, the self-assem-
bled monolayers formed on HOPG surfaces showed the for-
mation of lamellar structures only for very short or rather
long alkyl chains (Nmethylene groups < 4 or = 13). For the deriva-
tives that contained alkyl chains of intermediate length (4 <
Niethylene groups < 13), the formed morphologies were identi-
fied as honeycomb patterns. The hexagonal packing of the
NDI cores in these honeycomb patterns was ascribed to a
partial desorption of the alkyl chains.38

Inspired by a recent report on engineering long-range order
in supramolecular assemblies of alkylated NDIs,* here we
report on the design of novel double NDIs (Scheme 1) to
probe the impact of a covalent connection between two NDI
cores on the self-assembly behavior. We terminated the
double NDIs with octadecyl chains to induce the formation
of lamellar morphologies on HOPG surface.#38 The length
of the alkyl spacer was varied from three to twelve carbon
atoms to systematically investigate structure-property rela-
tionships of both self-assembled monolayers and bulk
phases. STM was used to characterize the structure of the
self-assembled monolayers in 2D whereas X-ray scattering
was employed to investigate the morphologies and corre-
sponding domain spacing in the bulk phase.

x =3-12:
NDI-C3-NDI - NDI-C12-NDI

Scheme 1. Molecular structures of double N,N’-bis(n-alkyl)-
naphthalenediimides NDI-C3-NDI — NDI-C12-NDI and the
reference R-NDL

B EXPERIMENTAL SECTION

STM measurements: STM samples were prepared under
ambient conditions by applying a drop of the saturated so-
lution of a given double NDI derivative onto a freshly
cleaved HOPG surface (HOPG, grade ZYB, Advanced Ceram-
ics Inc., Cleveland, OH) followed by creating a solution flow
by touching one corner of the HOPG sample with a clean
Kimwipe tissue paper after which the sample was heated at
100°C for 10 minutes. This annealing step led to evapora-
tion of the solvent. Hence a drop of neat solvent was applied
to the surface prior to imaging. The STM experiments were
carried out using a PicoSPM (Agilent) operating in the con-
stant-current mode with the tip immersed in the solution at
room temperature. STM tips were prepared by mechanical
cutting from Pt/Ir wire (80%/ 20%, diameter 0.2 mm). For
analysis purposes, the imaging of a molecular layer was im-
mediately followed by recording at a lower bias voltage the
graphite lattice, under otherwise identical experimental
conditions. The STM images were corrected for drift via
Scanning Probe Image Processor (SPIP) software (Image
Metrology ApS), using the recorded graphite images for cal-
ibration purposes, allowing a more accurate unit cell deter-
mination. The unit cell parameters were determined by ex-
amining at least 5 images and only the average values are
reported. After the determination of the unit cell from the
acquired STM images, a molecular model of the observed
monolayer was constructed using HyperChem™ Profes-
sional 8.0.1 program. First, a molecular model for a single
molecule was built. The model of the entire monolayer was
constructed by placing the molecules in accordance with the
unit cell parameters obtained from the analysis of the cali-
brated STM images. The imaging parameters are indicated
in the figure caption: tunneling current (Ise:), and sample
bias (Vbias).

Characterization of the thermal properties: POM was
performed on an optical microscope from Jenaval. Images
were recorded using an Infinityl camera provided by Lu-
menera. Samples for polarized optical microscopy (POM)
imaging were drop casted on glass coverslips, heated above
the isotropic melt and slowly cooled (10 °C/min). The POM
study was started by isotropically melting the samples. The
POM images were taken while the sample was cooled from
the isotropic melt to room temperature and heated again to
the isotropic melt. DSC was performed on a Q2000 from TA
Instruments. For the DSC measurements, all samples were
heated to the isotropic melt, equilibrated, and cooled down
at a constant rate of 10 K min-! to standardize the thermal
history. Subsequently, two heating and cooling cycles were
recorded by DSC.



X-Ray scattering: Bulk small angle X-ray scattering (SAXS)
was performed on an instrument from Ganesha Lab. The
flight tube and sample holder are all under vacuum in a sin-
gle housing, with a GeniX-Cu ultralow divergence X-ray gen-
erator. The source produces X-rays with a wavelength (1) of
0.154 nm and a flux of 1 x 108 ph s-1. Scattered X-rays were
captured on a 2D Pilatus 300K detector with 487 x 619 pixel
resolution. The sample-to-detector distance was 0.084 m
(WAXS mode) or 0.48 m (MAXS mode). The instrument was
calibrated with diffraction patterns from silver behenate.
To determine the bulk morphologies and corresponding do-
main spacings, the packing of the NDI bulk materials was in-
vestigated by X-ray scattering. The samples were prepared
by placing the NDIs in SAXS capillaries, heating them to the
isotropic melt and cooling down slowly. Subsequently, 2D
transmission scattering data were acquired in medium- and
wide-angle modes (MAXS and WAXS, 0.1 < g < 30 nm'). Ra-
dial averaging resulted in one-dimensional (1D) transmis-
sion scattering profiles that captured feature sizes in a
range of 0.2 - 60 nm.

H RESULTS AND DISCUSSION

Synthesis. The synthesis of all NDIs was performed accord-
ing to Scheme 2. Following a modified protocol by Tambara
et al,’! n-octadecylamine 1 was reacted with 1,4,5,8-naph-
thalenetetracarboxylic dianhydride 2. The condensation
was sped up by using a microwave reactor. Compound 2
was used in excess to form predominantly octadecyl naph-
thalene monoimide NMI and reduce the formation of double
alkyl functionalized R-NDI. During the work-up, unreacted
2 was solubilized in water by hydrolysis in aqueous NaOH
solution (¢ = 1 M). Insoluble NMI was isolated by filtration
and dispersed in aqueous hydrochloric acid solution (3 M)
to protonate the carboxylic acid groups. The protonation
was required to increase the electrophilicity of the com-
pound for the subsequent condensation reaction. Dried NMI
was reacted with aliphatic a,w-diamines (ranging from 1,3-
diaminopropane to 1,12-diaminododecane) using the mi-
crowave reactor. All double NDIs NDI-C3-NDI - NDI-C12-
NDI were purified by recrystallization from chloroform or
toluene and obtained as crystalline compounds in medium
to high yields (34-81%). In addition to the double NDIs,
1,4,5,8-naphthalenetetracarboxylic dianhydride was also
reacted twice with n-octadecylamine to prepare the refer-
ence compound R-NDI. After recrystallization from toluene,
R-NDI was obtained as a crystalline material in high yield
(86%).

The compounds were fully characterized by 'H and 13C nu-
clear magnetic resonance (NMR) spectroscopy, matrix-as-
sisted laser ionization time of flight mass spectrometry
(MALDI-TOF-MS) and Fourier-transform infrared (FT-IR)
spectroscopy. The individual spectra are depicted in the ESI.
The results show that the final compounds were obtained in
high purity. For all compounds, absorbance and fluores-
cence spectra were determined in solution and solid state.
See the ESI for individual spectra (Figures S1-S24) and a
supplementary discussion on the optical properties.
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Scheme 2. Synthetic route for the preparation of double
NDIs NDI-C3-NDI - NDI-C12-NDI and R-NDI. Reagents and
conditions: i) 1) 2.5 eq naphthalenetetracarboxylic dianhy-
dride, 50/50 DMF/THF, 75 °C - 140 °C, 10 min, 2) NaOHq),
3) HCl(aq), ii) aliphatic a,w-diamines, DMF/THF, 75 °C - 140
°C, 30 min, iii) 2 eq. n-octadecylamine, DMF/THF, 75 °C -
140 °C, 10 min.

Physisorbed Self-Assembled Monolayers formed at the
Solution/HOPG Interface. Given the low solubility of the
double NDIs in 1-phenyloctane (boiling point of 261-263
°(C), a typical solvent used for STM experiments, the self-as-
sembled monolayers were obtained by drop casting satu-
rated solutions onto freshly cleaved HOPG substrates. Drop-
casting was followed immediately by creating a solution
flow by absorbing the excess solution using a clean tissue
paper since flow-deposition is a known procedure to in-
crease the domain size of physisorbed self-assembled mon-
olayers.33 Flow-deposition was followed by annealing the
samples at 100° C for 10 minutes. The HOPG substrates
were allowed to slowly cool down to room temperature be-
fore the STM measurements were performed.

Using these conditions to prepare the samples, the mono-
layers formed by all double NDIs (except for NDI-C4-NDI
whose solubility was too low) could be imaged. Submolecu-
lar resolution STM images of the monolayers are provided
in Figure 1. Corresponding unit cell parameters are given in
Table 1. The images indicate the formation of double lamel-
lar structures for all compounds. In general, the double la-
mellar structures consist of alternating bright and dark col-
umns. The bright columns always have a similar width and
are separated by a narrower dark column on the one side
(grey arrows in Figure 1) and a wider dark column on the
other (green arrows in Figure 1). Within the series of com-
pounds, the STM images clearly reveal a variation of the
width of the narrower dark column that was assigned to the
adsorption of the alkyl spacer connecting the two NDI cores.
The broader dark columns were attributed to the terminal
octadecyl chains and the bright columns to the adsorbed
NDI cores.

The structure of the self-assembled monolayer can be bet-
ter understood from the corresponding molecular models
displayed in Figure 1. Figure 1a and b show the STM image
of the monolayer and corresponding molecular model of
NDI-C3-NDI. The latter was built based on the unit cell pa-
rameters of the self-assembled network obtained from cali-
brated STM data. Both images show two different modes of
adsorption and the front at which these two regimes meet.
In the so-called ‘collinear’ conformation (marked in red in



Figure 1b), the terminal octadecyl chains are collinear with
respect to each other. Adsorption of the molecules in this
conformation is associated with the formation of lamellae in
which the terminal octadecyl chains are interdigitated with
those from the molecules adsorbed in the adjacent lamella.
In the ‘non-collinear’ adsorption conformation (marked in
blue in Figure 1b), the terminal chains are non-collinear
with respect to each other. This conformation is associated
with the lamellae in which the octadecyl chains are not in-
terdigitated. STM images provided in the supporting infor-
mation not only reveal the simultaneous presence of the
two types of conformations but also reveal a time-depend-
ent transition from an interdigitated to non-interdigitated
state (see Fig. S28 in the supporting information). Addition-
ally, the two covalently connected NDI cores of NDI-C3-NDI
are always in a syn-arrangement with respect to each other.
Similar to NDI-C3-NDI, NDI-C5-NDI showed the adsorption
into double lamellar structures in which collinear and non-
collinear regimes coexisted. The two covalently connected
NDI cores were arranged in the syn-conformation, too. In
contrast, all remaining double NDIs (NDI-C6-NDI - NDI-
C12-NDI) strongly preferred the adsorption in the non-col-
linear conformation. We note that identifying collinear and
non-collinear conformation of the side chain is not re-
stricted to realizing a specific contrast in the STM measure-
ment as noticed by comparing Figure 1i and Figure S28. The
STM images of the monolayers formed by these homologues
indicated that the covalently connected NDI cores were al-
ways adsorbed in the anti-arrangement. The common struc-
tural element that distinguishes the non-collinear regime
from the collinear regime in the monolayers of our double
NDIs, is the sharp bend (between 30° to 60°) that is ob-
served in the terminal octadecyl chains. Irrespective of
whether the alkyl chains are adsorbed in interdigitated or
non-interdigitated fashion, the width of the column remains
virtually the same as confirmed by building alternative mo-
lecular models. We also note that despite the bend in the al-
kyl chains clearly visible in the STM images, the terminal oc-
tadecyloxy chains were always found to be adsorbed along
one of the main symmetry axes of graphite lattice. This is
readily evident upon comparison of the graphite symmetry
axes provided on top of STM images against the orientation
of alkyl chains visible from the STM data/molecular models
that replicate the observed symmetry. This preferred align-
ment seems to be the driving force for self-assembly and po-
tentially explains why no other conformation was observed.
While alkyl chains are flexible and thus can form curved
structures upon surface adsorption, the sharp bend indi-
cates the formation of a kink that involves the partial de-
sorption of the otherwise straight alkyl chain from the sur-
face.”? The molecular models presented above enforce this
kink by introducing a gauche defect between the C2 and the
C3 carbons of the terminal octadecyl chains. The coinciding
presence of two modes of adsorption of the alkyl sidechains
has also been reported for self-assembled monolayers of
single NDIs and has been ascribed to the very similar poten-
tial energies of the two states.'#38 Similar sharp angles as
observed for our double NDIs have also been reported for
the on-surface self-assembly of a hexadecyl substituted

single NDI.5° Based on DFT calculations, it was argued that
the partial desorption of the methylene group in the kinked
conformation avoids the steric repulsion between the car-
bonyl group of the NDI core and the a-CHz group of the alkyl
chain. In addition, the bent conformation was also found to
increase the overall density of the lamellar structures which
added an energetically favorable contribution to the overall
adsorption energy of the monolayer (illustrated schemati-
cally in Figure $25).5°

Observing the syn- and anti-arrangement of the covalently
connected NDI core is somewhat similar to the work by Kim
et al.>! The literature report described the adsorption of di-
carbamates on HOPG surface which were both connected
and terminated by alkyl chains. Depending on the number
of the methylene groups in the central alkyl chain that was
absorbed flat and in all-anti conformation to the HOPG sur-
face, either a syn- or an anti-arrangement of the carbamates
and the terminal side chains was observed. The syn-ar-
rangement was observed for the compounds that contained
alkyl spacers with an odd number of methylene groups.
Analogously, the anti-arrangement was observed for com-
pounds containing alkyl spacers with an even number of
methylene groups. Since NDI-C3-NDI and NDI-C5-NDI con-
tained alkyl spacers with an odd parity, the observed syn-
arrangement of the NDI cores in the monolayers satisfied
our expectations. Analogously, the anti-arrangement for
NDI-C6-NDI, NDI-C8-NDI, NDI-C10-NDI and NDI-C12-NDI
fulfilled the rational, too. In contrast, observing the anti-ar-
rangement for the monolayers of NDI-C7-NDI, NDI-C9-NDI
and NDI-C11-NDI was somewhat surprising. The suspen-
sion of the odd-even effect suggested that for these homo-
logues, the central alkyl chain was not adsorbed flat in the
all-anti conformation.

In order to understand the structural origin of the observa-
tion better, we compared the unit cell parameters ‘b’ of the
monolayers formed by NDI-C7-NDI - NDI-C11-NDI which
corresponds to the structural repeating unit perpendicular
to the lamellae. As noticed in Table 1, ‘b’ was either not in-
creased or even slightly decreased upon the transition from
a homologue with an even parity to the following homo-
logue with an odd parity. In contrast, the addition of one
methylene group to a homologue with an odd parity re-
sulted in a notable increase of ‘b’. The peculiar odd-even
trend corroborated the partial desorption of the alkyl spac-
ers with an odd number of methylene groups. As noticed in
Figure 1h,1and p, we simply pointed the central methylene
group of the alkyl spacer away from the surface while keep-
ing the rest in the same plane to fit the observed structure
with the molecular models. Possible reasons for the suspen-
sion of the odd-even effect are the systems’ striving to the
highest packing density, a higher entropy by the partial de-
sorption of the alkyl spacer and a better interaction of the
monolayer with the HOPG surface when both NDI cores
were arranged in the anti-conformation along one axis of
the underlying HOPG surface.

Table 1. Unit cell parameters of the lamellar domains formed by NDI-C3-NDI - NDI-C12-NDI at the 1-phenyloctane/HOPG

interface.



Entry
NDI-C3-NDI

NDI-C5-NDI
NDI-C6-NDI
NDI-C7-NDI
NDI-C8-NDI
NDI-C9-NDI
NDI-C10-NDI
NDI-C11-NDI
NDI-C12-NDI

Unit cell parameters (STM)

a [nm]

09+0.1
09+0.1
09+0.1
09+0.1
09+0.1
09+0.1
09+0.1
09+0.1
09+0.1

b nm]
44+0.1

44+01
44x0.1
44x0.1
4.6x0.2
45+0.1
48+0.1
47+01
48x0.1

al’]

872
872
88+1
89+1
89+2
891
86+4
872
85+1

rel. orientation of

the NDI cores
syn
syn
anti
anti
anti
anti
anti
anti

anti



Figure 1. Representative high-resolution STM images (a, ¢, e, g, i, k, m, 0, q) and corresponding molecular models (b, d, f, h, j,
1, n, p, r) of the monolayers formed by the double NDIs at the 1-phenyloctane/HOPG interface. Imaging parameters: (a) Vbias =
-1.0 V, Iset =90 pA, (C) Vbias = -1.1 V, [see =110 pA, (e) Vbias = -0.5 V, [set =120 pA, (g) Vbias = -0.6 V, Isee = 100 pA, (l) Vbias = -0.6 V,
Isee =130 pA, (k) Vbias = 0.8 V, Isee =110 pA, (m) Vbias = 0.5 V, Isee=110 pA, (0) Vbias = -0.7 V, Isec =130 pA, (p) Vbias = -1.35 V, Lset =
80 pA. The orientation of the HOPG axes and the unit cell are given in black.



Large scale STM images showed that the columns in adja-
cent domains are oriented at an angle of approximately 60°
with respect to each other (see Figure S27 in the ESI). This
relative arrangement highlighted the influence of the un-
derlying graphite substrate lattice on the self-assembly pro-
cess. When samples were solely prepared by drop-casting
(without the annealing and flow deposition steps), the for-
mation of disordered aggregates was observed. After an-
nealing, ordered domains that typically spanned 120 nm to
300 nm were obtained. Applying flow deposition33 resulted
in the preparation of the largest domains. In some cases, we
observed the formation of domains that exceeded the sur-
face area of 1 pm? (Figure S29) which suggested that the
molecular design was excellent for the fabrication of supra-
molecular structures with long range order.

Thermal Properties. Having characterized the structural
details of the surface morphologies, we continued our study
with the investigation of the bulk properties. The thermal
behavior of all compounds was investigated in detail by dif-
ferential scanning calorimetry (DSC) and polarized optical
microscopy (POM). The data obtained from the second heat-
ing cycle (heating rate of 10 K/min) are summarized in Ta-
ble 2. All DSC traces are depicted in Figure S32-42. Being ex-
emplary for the series, the DSC trace of NDI-C11-NDI is de-
picted in Figure 2. Upon heating from room temperature,
two thermal transitions were noticed. The first transition,
whose maximum heat flow is indicated by Ti, was only
weakly endothermic and occurred over a broad tempera-
ture window that ranged from 90 °C to 150 °C. POM images
which were taken below and above T1 showed the presence
of similar birefringent textures. Interestingly, fissures ap-
peared when cooling the material below T1and disappeared
when heating above T1. A second thermal transition was no-
ticed when the temperature was increased to 230 °C. At this
temperature, the solid material melted into an isotropic lig-
uid, as evidenced by the loss of the birefringence in the POM
image. The corresponding thermal phase transition temper-
ature was assigned to the melting temperature Tm.
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Figure 2. Second heating and cooling runs recorded by DSC
for NDI-C11-NDI (heating and cooling rate = 10 K min-1).
The insets are POM images. The images were taken for the
isotropic melt, after crystallization, when cooled down to 50

°C and after reheating closely beneath Tw. White scale bar:
100 pm.

The remaining homologues showed a very similar thermal
phase behavior which consisted of two thermal transitions
during the heating cycle (except for NDI-C8-NDI that
showed an additional third thermal transition at T>= 229 °C;
AHz = 7 k] mol!) and two thermal transitions during the
cooling cycle. Since the first thermal transitions of all hom-
ologues occurred over a similar and rather wide tempera-
ture range, it was not possible to detect an odd-even effect
for Ti1. In contrast, the melting temperatures T of the series
of homologues depended strongly on the length of the alkyl
spacer. As noticed in Figure 3a, Tm of the double NDIs was
governed by an odd-even effect. Double NDIs with an even
parity of the alkyl spacer always had higher melting temper-
atures Tmthan their neighbors with an odd parity. Within
the series, NDI-C4-NDI showed the highest (Tm = 328 °C)
and NDI-C11-NDI (T = 230 °C) the lowest Tw. This obser-
vation suggested that Tm was overall decreased when the
length of the alkyl spacer was increased. For the melting en-
thalpies AHm, an odd-even effect was noticed, too (Figure
3b). In contrast to the odd-even effect of Tw, the odd-even
effect of AHm was not noticed through-out the entire series.
NDI-C8-NDI, the only homologue that contained a third
thermal transition, was an exception from the trend.

Since the POM images taken below and above Ti always
showed birefringent structures and the samples remained
non-shearable until heated to Tm, the transitions occurring
at T1 were suggesting crystal-crystal transitions. Interest-
ingly, the birefringent structures noticed in the POM images
above and below T1 looked very similar and were distin-
guished only by the formation of fissures when the sample
was cooled below Ti. The observation of similar fissures
during cooling perylene bisimides has been reported by
Chesterfield et al.”3 In this system, the formation of fissures
was ascribed to differences in the thermal expansion coeffi-
cients of the organic material and the microscope glass slide
and could be avoided completely by reducing the cooling
rate to 1 K/min. In case of our double NDIs, fissure for-
mation was still observed at the cooling rate of 1 K/min.

A recent report on the thermal phase transitions of alkyl-
ated single NDIs showed that within the series of homo-
logues, Tm was decreased when the length of the side chains
was increased.®* The somewhat unexpected trend of de-
creasing Tm while increasing the molecular weight was as-
cribed to an increasing fusion entropy that stemmed either
from the larger conformational freedom of the longer alkyl
chains in the melt or from their more ordered crystal pack-
ing in the solid.®* The structural similarity of our double
NDIs with the reported single NDIs suggested that the in-
crease of the length of the alkyl spacer resulted in increasing
the fusion entropy of the double NDIs, too. In line with this
argumentation, R-NDI, which contains exclusively long al-
kyl chains, was found to reach the isotropic melt already at
147 °C which was also in accordance with the findings of
Ichikawa et al.”* The similarity of the DSC traces recorded
for the series of the double NDIs was somewhat surprising



since the above-mentioned literature report on the single
NDIs described the presence of multiple polymorphic tran-
sitions and liquid crystalline phases for several homologues
within the series.®* We conclude that while the length of al-
kyl spacer in the double NDIs induced strong differences in
Tm within the series, its size was too small to counter the
structural directing effect of the terminal octadecyl
sidechains which induced the formation of lamellar struc-
tures for all homologues.

Since the odd-even effect that was observed for Tm stemmed
from periodic changes in the crystal packing,®* and the sim-
ilarity of the DSC traces indicated no polymorphism for the
double NDIs, we continued our study with a structural in-
vestigation of the bulk morphologies at room temperature
and the rearrangements occurring at 71 by performing X-
ray scattering.
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Figure 3. Decrease of the melting temperature Twin an odd-
even fashion when increasing the length of the alkyl chain
connecting two octadecyl terminated NDI motifs (a). En-
thalpy of melting as a function of length (b).

Supramolecular Ordering of the NDIs in Bulk Material.
To determine the bulk morphologies and corresponding do-
main spacings, the packing of the NDI bulk materials was in-
vestigated by X-ray scattering. Since we were not able to
grow single crystals of our compounds, we could not deter-
mine the crystal structure by single crystal X-ray crystallog-
raphy and performed the X-ray scattering study on poly-
crystalline samples instead. The scattering profiles of all
double NDIs are depicted in Figure 4, with the R-NDI as a
reference. All NDIs exhibited well-structured, lamellar lat-
tices, as indicated by the sharp, equally spaced scattering
peaks in the MAXS region (labelled with g*, V4q*, V9¢g*, ...).
For NDI-C6-NDI and NDI-C8-NDI, the presence of a second
lamellar lattice was noticed. For these two compounds, the
sets of scattering peaks were labelled as g* and g2*, respec-
tively. Both sets of reflections remained unaltered after
heating the samples again and annealing for several
minutes before cooling slowly to room temperature. The la-
mellar spacings duam of all crystal lattices are listed in Table
2. The graph in Figure 5 shows the variation of diam with an
increasing length of the alkyl spacer. With NDI-C8-NDI be-
ing an exception, d.am was found to increase with increasing
length of the alkyl spacer. Additionally, the increase of dram
followed an odd-even trend. Until reaching NDI-C8-ND],

diav was increased noticeably upon the transition from a
homologue with an odd number of methylene groups in the
alkyl spacer to a homologue with an even parity. In contrast,
the transition from a homologue with an even number of
methylene groups in the alkyl spacer to a homologue with
an odd parity resulted only in a small increase of diam. The
odd-even effect of diam was less apparent for the homo-
logues that succeeded NDI-C8-NDI.
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Figure 4. 1D transmission scattering profiles obtained for
the double NDIs at room temperature.

The scattering peaks at 18.5 - 18.7 nm! were indicative of
the crystallization of the alkyl chains in the all-anti confor-
mation.”> The combination of the lamellar morphology and
the observed crystalline alkyl chain domains suggested the
formation of microphase-segregated 2D sheets that con-
tained alternating crystalline NDI and alkyl lamellae. This
type of microphase-segregation has also been described for
alkylated single NDIs and was assigned to the formation of
van der Waals interactions between the alkyl chains and the
aggregation of the NDI cores.14385876

To further probe for the suggested formation of the mi-
crophase- segregated NDI and alkyl sheets, we used simple
modelling based on molecular mechanics to estimate the
lengths of the NDI-CyH2x-NDI-CigHs7-elements in the fully
stretched conformation. The comparison of the calculated
values with the experimentally determined diam (Table 2)
shows that diam of the first set of reflexes was always very
similar but slightly larger than the length of the NDI-CxHax-
NDI-C1sH3s7-element. Considering that in the crystal, the oc-
tadecyl chains were only interdigitated and not covalently
linking two NDI cores, the somewhat larger size of the ex-
perimentally determined diam is in agreement with the



proposed arrangement of the double NDIs in the fully
stretched conformation (illustrated schematically in Figure
6a). The second set of reflexes found for NDI-C6-NDI and
NDI-C8-NDI was indicative of the formation of a second la-
mellar lattice stemming from a second crystalline poly-
morph which interestingly had not been noticed in the DSC
traces. When comparing the dimensions of the two lamellar
lattices for each derivative, we noticed that dram of the sec-
ond lattice was approximately 1 nm (1.1 nm for NDI-C6-
NDI and 0.7 nm for NDI-C8-NDI) smaller than diaum of the
first lattice. One possible arrangement that can explain the
reduced diam and still contains fully stretched terminal alkyl
chains was achieved by the backfolding of the second NDI
core on the first. The proposed structure of this second crys-
tal polymorph is shown schematically in Figure 6b.
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Figure 5. Lamellar domain spacing diam of double NDIs ob-
tained from X-ray scattering as a function of the number of
carbon atoms in the alkyl chain connecting the two NDI mo-
tifs. For NDI-C6-NDI and NDI-C8-NDI, two lamellar struc-
tures with different lamellar thickness are observed.

Subsequently, variable-temperature (VT) X-ray measure-
ments were performed to capture structural transfor-
mations that related to the transition observed at T1 in the
DSC traces. NDI-C11-NDI was chosen for this type of exper-
iment since it had the lowest melting temperature Tm. A se-
lection of 1D transmission scattering profiles recorded at
variable temperatures is depicted in Figure S43. When the
temperature of the heating element was increased to 260
°C, NDI-C11-NDI's temperature was well above T1 but still
below Twm. In this regime we observed an increase of diam
from 5.7 nm to 6.0 nm. Furthermore, the scattering peaks in
the wide-angle region (q > 8 nm-1) changed. A third lamellar
lattice appeared next to the second lamellar lattice when the
heating element that contained the sample was heated to
270 °C. The reflexes of the lattice are labelled by gs* and its
integer multiples (V4gqs* vV9gs*..). The corresponding diam
was increased further to 7.0 nm. At 280 °C, only this third
lamellar structure remained. Heating and annealing the
sample for a longer period at this temperature induced
melting which was accompanied by the disappearing of the
scattering peaks in the WAXS region.

Changes of the scattering peaks in the wide-angle region (q
> 8 nm) during heating indicated a transition in the local
crystal packing. The successive widening of the lamellar lat-
tice of NDI-C11-NDI upon heating was most likely stem-
ming from the aliphatic side chains becoming somewhat
mobile. The thermal behavior was in contrast to the thermal
rearrangements reported for several alkylated single NDIs
where heating was found to induce the formation of more
complex crystal structures.®* The observed widening of the
lamellar lattice was also corroborating the proposed mi-
crophase-segregated sheetlike structure. Initially, heating
only weakened the cohesion of the octadecyl chain sheets.
Strongly aggregated NDI cores retained the 2D sheet mor-
phology and were melted only at higher temperatures.

Table 2. Thermal properties and scattering data of the double NDIs NDI-C3-NDI — NDI-C12-NDI as well as R-NDI.

entry NDII T4 [°C] AH; [
[k] mol1]
1 NDI-C3-NDI 96 40.9
2 NDI-C4-NDI 133 37.8
3 NDI-C5-NDI 121 411
4 NDI-C6-NDI 124 50.3
5 NDI-C7-NDI 130 45.1
6 NDI-C8-NDIlel 128 379
7 NDI-C9-NDI 124 34.8
8 NDI-C10-NDI 132 27.4
9 NDI-C11-NDI 125 30.3
10 NDI-C12-NDI 132 37.4
11 R-NDIM 139 15.0

Twm!® [°C] AHul diam X-Raylfl  diam calc.lMl
[nm] [nm]
[k] mol-1]
290 55.4 4.5 4.2
328 91.9 5.2 4.4
281 69.9 5.2 4.5
292 76.4 5.3 (4.2) 4.6
258 74.6 5.4 4.7
273 76.9 5.1 (4.4) 4.8
245 82.5 5.6 5.0
250 87.5 5.6 5.1
233 85.3 5.7 5.2
239 86.4 5.8 5.4
147 47.4 3.8 3.2



[a] Molecules as depicted in Scheme 1; [b] Tabularized temperatures for the first endothermic transition (7T1) and second
endothermic transition (Tm) are the local maxima in heat flow during the second heating cycle in the DSC trace using a heating
rate of 10 K min-L. [c] corresponding enthalpy of fusion per mole molecule (AH: and AHw, respectively). [d] R-NDI melts at T1
and forms a liquid crystalline phase. For this compound, Tm represents the clearing temperature. [e] NDI-C8-NDIshowed an
addition transition at T>= 229 °C, AHz = 7 k] mol}; [f] Lamellar domain spacing of the bulk phase examined with MAXS at room
temperature and calculated from d = 2m/q*; [g] A second double lamellar domain spacing was observed. The smaller spacing,
which is corresponding to g2* (Figure 4), is reported in brackets. [h] theoretical domain spacings based on the lengths of the
NDI-CxH2x-NDI-Ci1sH3s7-elements constructed by molecular modelling (Figure S26).
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Figure 6. (a) Pictorial representations of the molecular packing of NDIs in bulk as a fully stretched and (b) backfolded ar-

rangement.

Although we observed the formation of lamellar phases
both on surface and in bulk material, a direct comparison
between the structures formed in both media is not
straightforward due to the differences in the interactions
between the molecules in the two environments (solid state
versus liquid-solid interface).?® The two main differences
between the two media are the confined nature of the 2D
self-assembly process and the presence of the solid sub-
strate and solvent molecules at the solution-solid interface.
These two factors are absent in the bulk crystallization sce-
nario. The ‘structure directing’ effect of the graphite lattice
on self-assembled monolayers of alkylated systems is well-
documented3277 and was also noticed in the present case. In
the conformations that were observed in the self-assembled
monolayers, the terminal alkyl chains and possibly also the
long alkyl spacers (although not observed clearly in STM
images) are always oriented along one of the symmetry axes
of the underlying HOPG substrate. Such ‘structure directing’
influence of the substrate is absent in the case of the bulk
crystalline phase. The non-collinear adsorption regime ob-
served in monolayers indicated that the molecule-substrate
interaction at the level of the single molecule was a domi-
nant factor in the stabilization of the monolayer. Intermo-
lecular interactions such as the van der Waals interactions
between the terminal alkyl chains also contribute to the sta-
bilization of the monolayers on the HOPG surface.1438 In the
case of bulk crystallization, the van-der-Waals interactions
between the alkyl chains and dipolar (n-stacking) interac-
tions between the NDI cores are expected to have a

dominant influence on the structure formation. We note
that both these factors were absent in the case of monolay-
ers.

The impact of the respective interactions on the size of the
structural repeating units in both media can be investigated
by comparing diav with the unit cell parameter ‘b’ on sur-
face. In bulk material, diam is always slightly larger than the
corresponding Hs7C1s-NDI-CxHzx-NDI-element which sug-
gests interdigitated molecules in a fully stretched confor-
mation. The unit cell parameters ‘b’ on surface represents
the same crystal axis of the lamellar phase in bulk. In con-
trastto diam, ‘b’ increases only marginally with an increasing
length of the central alkyl chain. When the length of the alkyl
spacer is five methylene groups or more, ‘b’ becomes even
smaller than the corresponding Hs7Cig-NDI-CxH2x-NDI-
element. Since a literature report on octadecyl substituted
NDIs38 and the STM images suggested that the octadecyl
chains are stretched out flat, the central alkyl chains have to
be partially desorbed to reduce the unit cell along the long
axis which is also similar to a system reported by Schwab et
al.”?

Hl CONCLUSIONS

A novel series of ten double NDIs was prepared and their
self-assembly was explored on HOPG surfaces and in bulk.
All materials (except NDI-C4-NDI whose solubility was too



low for an investigation) formed self-assembled monolay-
ers on HOPG surface. All imaged monolayers had a double
lamellar morphology in common which stemmed from the
double NDIs being arranged in a fully stretched confor-
mation. The investigation of the structural details of the
monolayers showed that the adsorption of the terminal oc-
tadecyl chains occurred in two modes, namely in the collin-
ear and in the non-collinear orientation. The length of the
NDI connecting alkyl chain set the distance between the ad-
sorbed NDI cores which were arranged either in the syn- or
an anti-orientation. Whereas the syn-orientation was ob-
served for the compounds with an alkyl spacer that was
containing three or five methylene groups, an anti-orienta-
tion was observed for all other derivatives. The unexpected
anti-orientation of the derivatives with an alkyl spacer con-
taining seven, nine or eleven methylene groups was as-
cribed to the partial desorption of the spacer. X-Ray scatter-
ing experiments indicated the formation of lamellar lattices
for all compounds in the solid state. Within the lattices, NDI
cores and alkyl chains were arranged in alternating 2D
sheets. When comparing the domain spacings of the crystal-
line bulk materials with the unit cells of the monolayers, we
observed that the structural repeating units of the surface
patterns were always slightly shorter than those of the bulk
materials. The discrepancy of the values was relatively
small for compounds with a short NDI connecting alkyl
chain and increased with an increasing length of the alkyl
chain. In congruence with molecular models of the imaged
structures, this observation was ascribed to the partial de-
sorption of the central alkyl chain.

Despite the fundamental differences of the interactions in-
ducing the formation of supramolecular structures at the
HOPG/1-phenyloctane interface and in bulk material, all
presented double NDIs formed structurally similar lamellae
in both media. However, subtle differences were identified
when investigating the structural details. Whereas the par-
tial desorption of the central alkyl chain was observed for
several derivatives on surface, the formation of a second
crystalline polymorph was noticed in bulk material. We
found that the similarities of the structures formed in both
media were decreased when the length of the central alkyl
chain was increased. Such an increasing conformational
freedom reduces the predictability of the formed structures
and needs to be considered when designing multicompo-
nent systems for the generation of functional interfaces.
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