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Abstract: The crystal structures of naphthalene dicarboxamides, namely 1,4-naphthalene
dicarboxamide (1,4-NDA), 2,6-naphthalene dicarboxamide (2,6-NDA), and 2,7-naphthalene
dicarboxamide (2,7-NDA), are presented for the first time along with an analysis of their
supramolecular organization. The compounds, obtained in single-crystalline form via solvothermal
crystallization from methanol, are stable in air to near 350 °C and have melting points above 300 °C.
In their densely packed structures (p = 1.43-1.47 cm3g") the combination of C%(4) chains and R3(8)
rings give one-dimensional hydrogen-bonded ladders with the additional R}(8) pattern. The amide
groups and the naphthalene rings form dihedral angles between 22° and 40°. Neighboring H-bond
ladders run parallel in 1,4-NDA and 2,6-NDA and are connected by means of the naphthalenedyil
cores along, so that two-dimensional (2D) H bonded sheets are obtained Except for a weak intra-sheet
n-7t stacking in 1,4-NDA there are no -7t stacking and C-H-+-7t interactions. The R3(8) rings act as
four-connected nodes, leading to the formation of two-dimensional H-bonded planar sheets with sql
topology for the nearly linear dicarboxamides 1,4-NDA and 2,6-NDA and cds topology for the
angular 2,7-NDA. Hirshfeld surface analysis and NCI plots provide additional insight into the H-
bonding interactions.

Keywords: H-bonding; naphthalene dicarboxamides; amide; ladder

1. Introduction

The important role of hydrogen-bonding to sustain the functioning of complex biological
systems has inspired first the Fischer’s lock-and-key model [1] and eventually led to the
establishment of supramolecular chemistry as a core field for rational design of self-assembled
materials [2,3]. Over the years, perspectives on self-assembly have evolved significantly. Initially,
researchers assumed its principles could be universally applied across disciplines, from biology and
engineering to materials science. [4-6]. Now however, machine learning could be effective in
identifying patterns and correlations within complex datasets, making it a valuable tool for targeted
structure prediction in self-assembly [7-10].

The amide group (RCO-NR'R") is fundamental in the context of hydrogen-bonded solids, due
to its high frequency in biological systems, its synthetic affordability, and proven practical utility in
material science, with polyamide materials, e.g., Kevlar®, being one of the most recognizable
examples [10-12]. Additionally, the hydrogen-bonding properties of amides have found extensive
application in pharmaceuticals, where they are used to enhance drug efficacy [13-19].

The self-assembly patterns of secondary, N-monosubstituted amides (RCO-NHR'), having one
NH hydrogen bond donor and one CO hydrogen bond acceptor (1:1 ratio), are relatively predictable.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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It usually leads to the formation of R3(8) homodimeric rings (Figure 1) as described by Etter’s
notation. The hydrogen-bonded R3(8) bis-amide synthon with syn-NH involved is similar to the
R3(8) ring for carboxylic acids. When the other packing constraints are not favorable, Cj(4) chains
with H-bonds from anti-NH to the O atoms are formed (Figure 1) [20-23]. The primary amides (RCO-
NH-2) demonstrate a more complex and less predictable self-assembly due to two NH2 hydrogen-
bond donors over only one CO acceptor (2:1 ratio). This leads to a larger number of assembly variants,
which can include branched hydrogen-bonding or involvement of terminating hydrogen-bond
acceptor molecules, typically solvents. Unlike cyclic dicarboxylic acids, which consistently form
predictable hydrogen-bonded structures (e.g Rj (8)), primary amides behave less predictably.
Therefore, their use in rational design requires a precise understanding of the structural context [24].

Successful supramolecular design with amide groups requires accounting for steric effects and
secondary interactions that also influence the resulting network. In this context, our previous study
demonstrated how heteroatoms, such as nitrogen, sulfur, and oxygen, present in pyridine, thiophene,
and furan rings, significantly affected the hydrogen-bonding motifs in dicarboxamides. The results
indicated that both the position and basicity of the heteroatom are crucial in determining the
hydrogen-bonded packing arrangement [25].
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Figure 1. (a) Differentiation of the anti- and syn-H atom in primary amides. Classical hydrogen-bonding
interactions between amide groups with the Etter notation for a (b) R3(8) ring, (c) C}(4) chain motif and the
combination of C%(4) and R%(S) in a (d) ladder which generates a new Ri(S) pattern. In the Etter notation the
subscript stands for the number of H-bond donors, the superscript for the number of H-Bond acceptors and the

number in parentheses for the number of atoms involved in the motif [20-23].

This study investigates the relative (linear vs. angular) orientation of two carboxamide groups
with a naphthalene linker (Figure 2) on the hydrogen-bonding motifs and crystal packing. The
naphthalene core would have the additional possibility to engage in m-mt stacking and C-H---mt
interactions which are important interactions in the supramolecular chemistry of aromatic ring
structures [26-33]. The m-7t stacking interactions are typically in the energy range of 2 k] mol?,
whereas hydrogen bonds range from weak (4 k] mol™?) to strong (45 k] mol™?) [34]. Both influence
molecular packing and conformational dynamics in various systems, from biological
macromolecules, such as protein folding and nucleobase stacking [35-38] to applications in materials
science and drug design [39-43]. Hydrogen-bonded organic frameworks can have functionality in
the form of improved conductivity and magnetism, making such materials interesting in the context
of organic electronics, molecular magnetism, and spintronics [44-46].

anti-CO, anti-NH, anti-CO, anti-NH, syn-CO
/\
H,N o HaN 0 o)
o HoN NH
o NH 2 2
NH, syn-NH,
1,4-naphthalenedicarboxamide 2,6-naphthalenedicarboxamide 2,7-naphthalenedicarboxamide

(1,4-NDA) (2,6-NDA) (2,7-NDA)


https://doi.org/10.20944/preprints202503.1721.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 March 2025 d0i:10.20944/preprints202503.1721.v1

3 of 18

Figure 2. The dicarboxamides studied in this work: 1,4-naphthalene dicarboxamide (1,4-NDA), 2,6-naphthalene
dicarboxamide (2,6-NDA), and 2,7-naphthalene dicarboxamide (2,7-NDA) and the syn/anti amide-CO (in red)

and amide-NHz (in blue) orientation observed in the crystal structures (see below).

2. Materials and Methods

All chemicals were purchased commercially and used without further purification (see
Supplementary Materials, Section S1). Deionized water was used in all cases where water is
mentioned. Single-crystal X-ray diffraction (SCXRD) data were collected using a Rigaku XtaLAB
Synergy S diffractometer (Rigaku, Tokyo, Japan) equipped with a hybrid pixel array detector and a
PhotonJet copper X-ray source (A = 1.54184 A). Suitable crystals were selected under a Leica M80
polarized-light micro-scope (Leica, Wetzlar, Germany) and mounted on a cryo-loop in oil. The data
were processed using CrysAlisPro, which includes cell refinement, reduction, and absorption
correction. The structure was solved and refined with Olex2, using SHELXT for structure solution
and SHELXL for refinement [47-49]. The molecular graphics were created using Diamond 5 software
[50]. The X-ray powder diffraction (PXRD) patterns were recorded on a Rigaku Mini-Flex600
diffractometer (Rigaku, Tokyo, Japan) (600 W, 40 kV, 15 mA) at room temperature using Cu-Ka
radiation (A = 1.54184 A). The PXRD patterns were normalized based on the intensity of the highest
peak. The simulation of the PXRD data as well as the graph set analysis were performed using
MERCURY 2020.3.0 software based on the single-crystal XRD data [51]. The Hirshfeld surface
analysis was carried out using the CrystalExplorer software [52], while the ”Atoms in Molecules”
(AIM) and scatterplot analyses were performed using MultiWEN 3.8 with .wfn files generated from
crystal structure data via DFT (B3LYP/6-31G**) in Gaussian16 [53] (note the precision limitations due
to reasonable, but somewhat limited accounting electron-correlation, important for weaker
interactions, by the LYP correlation functional). AIM analysis was conducted on molecular
coordinates from single-crystal structures, and energy values were calculated for each distinct
hydrogen bond between crystallographically independent molecules. The NCI figures and
scatterplots were prepared in VMD 1.9.4 and gnuplot 5.4, respectively [54,55].

Fourier-transform infrared (FT-IR) spectra were measured between 500 and 4000 cm! using a
Bruker TENSOR 37 IR spectrometer (Bruker, Billerica, MA, USA) in ATR mode (Platinum ATR-QL,
Diamond). Nuclear magnetic resonance (NMR) spectra were ac-quired on a Bruker Avance III—300
spectrometer (Bruker, Billerica, MA, USA) with the operating frequency of 300 MHz for "H-NMR.
Electron impact (EI) mass spectra were recorded on a Thermo Finnigan Trace DSQ spectrometer
(Thermo Fisher Scientific).

Thermogravimetric analysis (TGA) was performed under air using a Netzsch TG209 F3 Tarsus
(Netzsch, Selb, Germany) with a heating rate of 10 K min® up to 1000 °C. Melting points were
determined using a Biichi Melting Point B-540 apparatus in an open capillary (Biichi Labortechnik
AG, Flawil, Switzerland).

2.1. Synthesis of the Dicarboxamides

The synthesis of the naphthalene-based dicarboxamides was conducted using a variant of a
classical method, involving the conversion of the commercially available carboxylic acids to
chloroanhydrides followed by the subsequent transformation to amides [56]. The amount of 2.16 g
(10.00 mmol) of the respective naphthalenedicarboxylic acid was dissolved in 25 mL of thionyl
chloride and subjected to reflux at 90 °C for a duration of 12 hours, in the presence of a catalytic
amount (1 mmol) of dimethylformamide (DMF). After this time, the excess thionyl chloride was
distilled off, and the resulting residue washed with hexane (3 x 15 mL) followed by drying under
vacuum (~102 Torr, room temperature). Subsequently, 5 mL of a 25% aqueous ammonia solution was
added dropwise while stirring in an ice bath. The reaction mixture was maintained under stirring on
an ice bath for one hour, after which the solvents were removed under reduced pressure. The
obtained solid was thoroughly washed with water and ethanol (3x15 mL) before being dried under
vacuum to yield 1.88 g (88%) for 1,4-NDA, 1.92 g (90%) for 2,6-NDA, and 1.96 g (91%) for 2,7-NDA.
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The crystals, suitable for SCXRD studies, were grown by slow cooling of a methanolic solution.
A clear solution, nearly saturated at ~100 °C, in a sealed culture tube was cooled with a rate of 0.8 °C
h to room temperature to yield colorless single crystals. The experimentally obtained powder X-ray
diffraction patterns matched well with the simulated patterns derived from the crystal structures.
Thereby, the phase purities of the bulk crystalline products were confirmed (see Supplementary
Materials, Section S6).

3. Results and Discussion

The dicarboxamides 1,4-naphthalenedicarboxamide (1,4-NDA), 2,6-naphthalenedicarboxamide
(2.6-NDA) and 2,7-naphthalenedicarboxamide (2,7-NDA) were synthesized from the corresponding
dicarboxylic acids via conversion to acyl chloride by thionyl chloride, followed by reaction with
aqueous ammonia under Shotten-Baumann reaction conditions [56]. The isolated products were
characterized and their purity confirmed by 'H-NMR, IR, and mass spectrometry (see Supplementary
Materials, Sections S3-55).

Successful crystallization of all the three compounds was achieved from methanol. The latter
was chosen due to sufficient solubilizing capability at elevated temperatures combined with
moderate-to-low probability of the non-desirable incorporation into the structure as a solvent of
crystallization.

3.1. Crystal Structures of the Dicarboxamides 1,4-NDA, 2,6-NDA and 2,7-NDA

The molecular structures within the asymmetric unit are illustrated in Figure 3. Compounds 1,4-
NDA and 2,6-NDA crystallize in the triclinic system, 2,7-NDA in monoclinic system. While both 1,4-
NDA and 2,6-NDA are assigned to the space group P1, their asymmetric units feature different
content. The asymmetric unit of 1,4-NDA contains a single molecule (Z =2, Z' = 1), while that of 2,6-
NDA consists of half a molecule in the asymmetric unit (Z = 4, Z' = 0.5). In contrast, 2,7-NDA
crystallizes in the C2/c space group, with a quarter of the molecule representing the asymmetric unit.
The hydrogen-bond graph-set notation depicts only the basic units with the shortest rings and chains
as shown in Figure 1d and calculated by Mercury [51].

N1 02
-

c1 C12
01 N2

(a) (b)

Figure 3. Expanded asymmetric units for (a) 1,4-NDA; (b) 2,6 NDA, symmetry code: 1-x, 1-y, 1-z; (c) 2,7-NDA,
symmetry code: 1-x, y, 3/2-z.

In 1,4-NDA the Cnaph—Camide bond vectors are close to parallel to each other (acute angle of 10.6°),
the dihedral angle between the amide planes defined by the N-C-O atoms is 14.2°, not far from
coplanarity. In 2,6 NDA the Cnaph—Camide bond vectors are exactly parallel, the amide planes exactly
coplanar by the centrosymmetry of the molecule. In 2,7 NDA the Cnaph—Camide bond vectors form an
angle of 64.8°, the amide N-C-O planes a dihedral angle of 43.6°.

3.1.1. Hydrogen Bonding in 1,4-NDA

The basic H-bonded self-assembly of the structure of 1,4-NDA is a combination of Ci(4) chains
and R}(8) rings which generates a one-dimensional (1D) almost straight ladder parallel to the a axis
with its additional R%(8) pattern (Figure 4, cf. Figure 1, Table 1). This 1D H-bond ladder is common
for all reported structures here. Neighboring ladders run parallel and are connected by means of the
naphthalene-1,4-dyil molecular cores along the b axis, so that two-dimensional H bonded sheets in
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the ab plane are obtained (Figure 4). If the H-bonded bis-amide R3(8) rings are viewed as four-
connected nodes — with two opposite edges defined by the naphthalene connectors and the other two
the side-connections via the R3(8) ring to the neighboring R3(8) rings — then the topology of the
sheets corresponds to a square planar net, sql (see Section 3.1.4).

Table 1. Crystal data for 1,4-NDA, 2,6-NDA and 2,7-NDA.

1,4-NDA 2,6-NDA 2,7-NDA
empirical formula Ci12H10N202 Ci12H10N202 C12H10N202
mol wt (g mol-) 214.22 214.22 214.22
temperature (K) 150 150 150
crystal system triclinic triclinic monoclinic
space group P1 P1 C2/c
a(A) 5.0306 (1) 5.0058 (3) 6.9974 (2)
b (A) 9.9799 (3) 7.2347 (7) 7.2089 (2)
c (A) 10.0706 (3) 7.4349 (7) 19.4417 (5)
a (deg) 98.620 (2) 68.216 (9) 90.00
B (deg) 92.433 (2) 82.306 (7) 98.110 (2)
Y (deg) 96.459 (2) 80.076 (7) 90.00
Volume, V (A3) 495.80 (2) 245.57 (4) 970.90 (5)
Z,7 72=2,7"=1 Z2=1,7'=05 2=4,7'=05
Dale (g/cm?) 1.435 1.449 1.466
u (mm-) 0.823 0.830 0.840
F(000) 224 112 448
crystal size [mm?] 0.65 x 0.05 x 0.02 0.13 x 0.07 x 0.04 0.13 x 0.07 x 0.05
wavelength (A) 1.54184 1.54184 1.54184
No. of unique reflections 2112 938 1042
No. of total reflections 19080 2180 5554
No. of parameters 161 73 82
Rint 0.0509 0.0304 0.0245
Ri[F2 > 20(F2)] @ 0.0486 0.0539 0.0358
wRi[F2 > 20(F?)] @ 0.1438 0.1547 0.1006
Rz, wR2(F?) [all data]® 0.0535, 0.1492 0.0609, 0.1604 0.0414, 0.1059
S [all data] @ 1.045 1.134 1.095
AQmasx, AQmin (e:A-3) ©) 0.320, -0.215 0.279, -0.207 0.158, -0.193
CCDC no. 2431507 2431506 2431508

@Ri=[Z(I IFol = | Fel 1)/Z1Fol |; wR2 = [Z[w(Fo? - F2)2]/Z[w(Fe2)2]]"2 Goodness-of-fit S =[ £[w(Fe? - F2)2]/(n - p)]2.

® Largest difference peak and hole.
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Figure 4. Section of the 2D H-bonded sheet of 1,4-NDA with graph-set patterns. Symmetry codes: (i) x, y+1, z;

(ii) x+1, y, z; (iii) x, y-1, z; (iv) x-1, y, z.

Table 2. The parameters of the H-bonded interactions in the crystal structure of 1,4-NDA.

D—H-~A(@)® D—H[A] H-A [ A] D~A[A] D—H-A [deg] BB?iE;eorﬁy
N1—HIA-O2i  0.90(2) 2.07 (2) 2.9601 (16) 170.8 (17) ~16
N1—H1B-Ol¥  0.93(2) 1.96 (2) 2.8105 (16) 152.4 (18) -17
N2—H2A--Oli 092 (2) 2.01(2) 2.9255 (16) 177.5 (16) ~16
N2—H2B-02i 092 (2) 1.98 (2) 2.8386 (16) 153.2 (19) -19

(a) Symmetry codes: (i) x, y+1, z; (ii) x+1, y, z; (iii) X, y-1, z; (iv) x-1, y, z.

The amide group rotates out of the aromatic plane, with a dihedral angle ¢ between the planes
of the naphthalene core and the amide moiety close to 40° (Figure 5, Table 3). The two amide groups
in a 1,4-NDA molecule are close to coplanar, which leads to the parallel orientation of their respective
1D H-bond ladders. The deplanarization of the naphthalenedicarboxamide molecules is a
prerequisite for the 1D-ladder structure where otherwise the Ci(4) edge of the R3(8) ring (Figure 4)
would be shorter than the length of naphthalene moiety, making such a ladder impossible.

At the same time the naphthalene cores participate in a weak -7 interaction (dinte = 3.8 A inter-
centroid distance) along the chains and within the 2D layer. The optimization of the -7 interaction
also influences the ¢ rotation angle. Accordingly, the annulated Cs rings of the 1,4-NDA molecules
are oriented to one side of the 2D sheet. There are no inter-sheet m-m stacking and C-H---m

interactions.

Figure 5. Non-planar conformation of the dicarboxamides molecules exemplified by 1,4-NDA, with the dihedral
angle ¢ between the naphthalene core and the amide group.
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Table 3. Dihedral angles ¢ between the naphthalene core and the amide group for 1,4-NDA, 2,6-NDA and 2,7-

NDA.
Compound Dihedral angle ¢ [°]
1,4-NDA 40
2,6-NDA 29
2,7-NDA 22

3.1.2. Hydrogen Bonding in 2,6-NDA

As in 1,4-NDA from the combination of C%(4) chains and R3(8) rings, 1D H-bonded ladders,
albeit now kinked, are generated with the additional R3(8) pattern. Again, the 1D ladders run parallel
to each other and parallel to the a axis. The bridging action of the naphthalene-2,6-diyl core takes
place along the bc diagonal, so that two-dimensional H-bonded sheets parallel to the {0 1 -1} (or {0 -1
1} planes are obtained (Figure 6, Table 4). As for 1,4-NDA the topology of the sheets corresponds to
a square planar net, sql (see Section 3.1.4). The 2,6-NDA molecule shows a dihedral angle ¢ = 29°
between the naphthalene core and the amide group (Figure 5, Table 3). The two amide groups in a
2,6-NDA molecule are coplanar by the centrosymmetry of the molecule, which leads to the parallel
orientation of their respective 1D H-bond ladders. There are no inter-sheet mt-m stacking or C-H---mt
interactions between the naphthalene rings in 2,6-NDA.

/7 %a
33

Figure 6. Section of the 2D H-bonded sheet of 2,6-NDA with graph-set patterns. Symmetry codes: (ii) -x+1, -y, -

z; (iii) x+1, y, z.

Table 4. The parameters of the H-bonded interactions in the structure of 2,6-NDA.

o o o Bond Energy
—H... (a) —_ —H... °
D—H:-A(a) D—HIA] H--A [A] DA [A] D—H-A[°] [kcal/mol]
N1—-HIA--Oti 0.89 (3) 2.04 (3) 2.864 (2) 154 (2) -16
N1—H1B--Otii 0.88 (3) 2.07 (3) 2.942 (2) 173 (2) -16

(a) Symmetry codes: (ii) -x+1, -y, -z; (iii) x+1, y, z.

3.1.3. Hydrogen Bonding in 2,7-NDA

The combination of C}(4) chains and R3(8) rings lead again to 1D H-bonded ladders with the
additional Rj(8) pattern. The ladders are kinked as in 2,6-NDA. Each amide group of 2,7-NDA is part
of a 1D ladder but different to 1,4-NDA and 2,6-NDA the ladders of the two amide groups from a
2,7-NDA molecule neither run parallel to each other nor parallel to a crystallographic axis (Figure 7,
Table 5). This non-parallel and almost perpendicular orientation of the H-bond ladders at an angle of
88.2° is due to the angular disposition of the amide groups in 2,7-NDA. Both the angle of 64.8°
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between the Craph—Camide bond vectors and the dihedral angle of 43.6° between the amide N-C-O
planes are far off co-linearity and co-planarity, respectively as in 1,4-NDA and 2,6-NDA

While the co-linear and co-planar amide arrangement in 1,4-NDA and 2,6-NDA yielded parallel
1D H-bond ladders arranged in 2D sheets, the angular disposition of the amide groups in 2,7-NDA
yields 1D-ladders close to perpendicular to each other and, thereby, arranged in a 3D H-bond
network. On the level of the 4-connected bis-amide R3(8) node, the topology is then a CdSOs (cds)
net. The latter is the primary alternative to the square planar net (sql), when two out of the four
neighboring nodes in a 4-c net are situated off-plane (see Section 3.1.4). There are again no m-m
stacking or C-H---mt interactions between the naphthalene rings in 2,7-NDA.

.

@0
N
€c
CH

.
.
. ‘
e

OT'YRY(8)

C"\b

v ‘*,~
‘<
“*
«

Figure 7. Section of 3D H-bonded network of 2,7-NDA with graph-set pattern. Symmetry codes: (ii) -x+3/2, -
y+1/2, -z+1; (iii) x+1/2, y+1/2, z.

Table 5. The parameters of the H-bonded interactions in the crystal structure 2,7-NDA.

o o o Bond Energy
—H-.--A®@ —_ —H...
D—H:-A D—HI[A] H--A[A] D--A[A] D—H--A[deg] [kcal/mol]
N1—-HIA--O1i  0.906 (18) 1.998 (19) 2.8983 (14) 171.9 (15) -19
N1—H1B--Olii  0.924 (18) 2.074 (18) 2.9133 (13) 150.4 (14) -14

(a) Symmetry codes: (ii) -x+3/2, -y+1/2, -z+1; (iii) x+1/2, y+1/2, z.

3.1.4. Comparative Topological Presentation

A direct comparison of the linear 1D H-bond ladders and their relative parallel orientation in 2D
sheets in 1,4-NDA and 2,6-NDA versus an almost perpendicular orientation in a 3D net is given in
Figure 8.

@ v
Figure 8. H-bonded ladder arrangements in (a) 1,4 NDA, (b) 2,6-NDA molecules into 2D networks and for (c)

2,7-NDA into a 3D network. For the structure of 1,4-NDA also the weak intra-ladder m-mt stacking with a
centroid-centroid distance of 3.80 A is indicated (black dashed line).

b))
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As for the topology analysis of the structures, in all of them the bis-amide R3(8) rings are taken
as four-connected nodes. The H-bonds connect these bis-amide rings in one direction in 1D ladders,
while the naphthalene cores then connect these 1D ladders.

In the structure of 1,4-NDA and 2,6-NDA then sheets with sql topology are formed, with an
inter-sheet distance of 4.1 A and 4.2 A, respectively. Adjacent, neighboring sheets are arranged in a
staggered fashion, with the naphthalene units of one sheet positioned above the 1D H-bond ladders
of the next sheet (Figure 9a,b).

The topology in 2,7-NDA differs from the previous cases of 2D structures, because of the nearly
perpendicular directions of the 1D H-bond ladder propagation. Thus, 2,7-NDA features a 3D network
structure (Figure 9c). The resulting 3D CdSO: (cds) topology is typical for the case, when the
connectivity of the neighboring square-planar nodes proceeds no longer close to parallel but off-plane
or more perpendicular to each other. It is worth recalling, that there are no H-bonds, no mt-mt stacking
or C-H:--m interactions between the naphthalene rings between the sheets in both 1,4-NDA and 2,6-
NDA or within the network of 2,7-NDA. Relevant rt-1t stacking interactions require centroid-centroid
contacts of less than 3.8 A, near parallel ring planes, small slip angles and small vertical displacements
(slippage <1.5 A) which would translate into a sizable overlap of the aryl-plane areas [33]. Significant
intermolecular C-H- 7t contacts are below 2.7 A for the (C-)H-ring centroid distances with H-perp
also below 2.6-2.7 A and C-H-- centroid > 145° [67,68].

Figure 9. Topological representation of the propagation of the R3(8) bis-amide rings in 1D ladders (orange lines)
which are arranged into 2D staggered planar sheets of sql topology for (a) 1,4-NDA and (b) 2,6-NDA and into a
3D network of cds topology for (c) 2,7-NDA. For clarity, only the naphthalene carbon framework is shown, with
propagating bis-amides represented by orange lines passing through the center of the dimeric R3(8) bis-amide

rings.

3.2. Hirshfeld Analysis

The analysis of the Hirshfeld surface, which defines the boundaries of each molecular entity
based on the electron density distribution, is used here as a practical visualization tool for the strength
of the intermolecular interactions with di and de, the distances from the point on the Hirshfeld surface
to the nearest atom in the neighbor- and in the same molecule respectively, being the measures of the
interaction strengths via their comparison with the typical van der Waals radii by means of a
normalized distance function. The latter, dnorm, is equal to (di-dvawi)/dvawi + (di-dvdwe)/dvawe — where dvdwi
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and dvawe are the van der Waals radii of the closest atoms of the inner and outer molecules — and
describe the deflection from the average van der Waals distances.

The Hirshfeld surfaces, derived from electron density distributions, enable a depiction of
intermolecular contacts (Figure 10). In the two-dimensional de and di contact distance fingerprint
plots (Figure 11) a visualization of the N-H--O intermolecular interactions is depicted by the spikes
directed towards the lower left corner. The individual O---H, N---H, C---H, C:--C, and H---H interaction
sub-plots distinguish between the respective interactions and are provided in the Supplementary
Materials, Section S7.

(a)

(c)

Figure 10. 3D Hirshfeld surface representation of the dicarboxamides plotted over dnom for (a) 1,4-NDA, (b) 2,6-
NDA and (c) 2,7-NDA. (dnom < 0, red regions, indicate strong attractive interactions to an adjacent molecule;

dnorm > 0, blue regions, indicate interactions weaker than the van der Waals interactions.).
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Figure 11. 2D fingerprint plots and the percentage contribution of specific non-covalently bound atomic contacts
to the Hirshfeld surface for (a) 1,4-NDA, (b) 2,6-NDA, and (c) 2,7-NDA. The spikes, representing the shortest

intermolecular distances, directed towards the lower left corner correspond to the N-H-:O hydrogen bonds.

All examined dicarboxamides display characteristic spikes in the Hirshfeld 2D plots, indicating
the formation of N-H--O hydrogen bonds (Figures 522, 527 and S33). These spikes extend for 1,4-
NDA and 2,7-NDA to (di, de) = (<0.8, 1.1) and correspond to H---O distances of 1.9-2.0 A.For2,6-NDA,
the spikes are slightly shorter (di, de) = (0.8, 1.2), consistent with slightly longer hydrogen bonds
(Tables 2, 4, and 5). The O--H contacts for the classic strong N-H--O hydrogen bonds have nearly the
same share of 25-28% of all intermolecular contacts for the three NDA structures. Broad wings at di +
de =~ 2.8 A represent C-~-H interactions (Figure S21), while H--H interactions dominate the remaining
interactions (Figure S22). The distinctly green colored zones around di = de = 1.9 A are associated
primarily with C--C contacts (Figure S20). The majority of the intermolecular interactions are
represented by the combined weak C---H, H--H and C:--C van der Waals contacts with a total of 66-
69%, which is typical for organic structures [57-60]).

The contribution of the C---C contacts is slightly higher in the 1,4-NDA structure (8.6% compared
to 5.4% and 5.1%), because of the weak intra-ladder m-7t interactions, seen in this structure.

An interesting small detail on the 2D fingerprint plot for 2,7-NDA is the presence of an
additional green spike (in-between the characteristic hydrogen bond spikes for the strong hydrogen
bonds) extending to di = de = 1.7 A. This spike corresponds to somewhat stronger H--H interactions.

3.3. NCI Plots
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Figure 12. NCI-based two-dimensional scatterplot (left) and 3D iso-surface (right) for (a) 1,4-NDA, (b) 2,6-NDA
and (c) 2,7-NDA.

The Non-Covalent Interaction (NCI) plot method graphically represents non-covalent
interactions in real space using color-coded 3D isosurfaces: blue for attractive, green for van der
Waals interactions, and red for steric repulsions, highlighting their spatial distribution within
molecular systems (Figure 12). These 3D isosurfaces can also be visualized in NCI scattering plots,
which use the Reduced Density Gradient (RDG) and (sign (A2)g) to characterize interactions. Similar
to the 3D plot, scattering plots of RDG vs. (sign (A2)g) show strong attractions (blue) at lower density
(0 <0.01 a.u.), repulsive interactions (red) at higher density (o > 0.01 a.u.), and weak van der Waals
interactions (green) in the intermediate range [61-63]. The position and intensity of the spikes provide
insights into non-covalent interactions. However, NCI analysis remains qualitative and does not
quantify individual energy contributions from Coulombic and dispersive interactions. While the
Hirshfeld analysis provides a global and semi-quantitative assessment of intermolecular contacts, the
NCI plot offers a local and rather qualitative analysis of individual non-covalent interactions;
together, they complement each other to provide a comprehensive interaction profile.

For the NDA structures, strong non-covalent interactions appear as pronounced downward blue
spikes in the scattering plot, corresponding to small blue isosurfaces of N-H--O hydrogen bonds.
Additionally, intense green spikes with a significant fraction are observed in the attractive interaction
region, representing the weak C---H, H--H and C---C van der Waals contacts. A deeper look into the
green spike region in the scattering plots reveals subtle structural differences. Notably, in 1,4-NDA,
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the most intense green spike splits downward, with its largest contribution occurring at a lower o
critical value sign (A2)o <- 0.01 a.u., indicating stronger -7t interactions (vide supra). In contrast,
for the other structures, the green spike is divided into three components, with the most prominent
part of peaks appearing at a higher o critical value sign (A2)o>- 0.01 a.u., suggesting no mm
interactions compared to 1,4-NDA.

3.4. Thermogravimetric Analysis and Melting Points

The temperature stability of the compounds was assessed by thermogravimetric analysis (TGA)
(Figure 13).

100 ——1,4-NDA
——2,6-NDA
80 - ——2,7-NDA
® 60-
a
1]
= 40-
201

100 200 300 400 500 600
Temperature [°C]

Figure 13. TGA curves for the reported dicarboxamides (synthetic air, heating rate 10 K min-?).

TGA reveals that all investigated dicarboxamides exhibit very similar thermal behavior. Both
1,4-NDA and 2,6-NDA show an oxidative degradation starting at around 305 °C with the oxidation
finished at approximately 360 °C. For 2,7-NDA, a comparable degradation pattern is observed, but
the oxidation starts slightly earlier at 290 °C and is nearly complete at around 345 °C, leaving a small
amount of residue, which completely burns off only at ~480° (a possible hypothesis is that those are
residues reach in triazine, which are the condensation products of the amides. They form at elevated
temperatures and oxidize less eagerly).

The melting points were measured using the open capillary method (1.15 mm diameter), where
the temperature gradually increased while visually monitoring the samples. Notably, all NDA
compounds melt within a specific temperature range before undergoing decomposition. The
recorded melting intervals were 325-330 °C for 1,4-NDA, 322-330 °C for 2,6-NDA, and 300-312 °C
for 2,7-NDA, aligning with the onset of decomposition observed in the TGA analysis. Additionally,
all samples changed color to brown and shrank before reaching their melting points, indicating
partial decomposition before complete melting.

4. Conclusions

The structural investigation of three primary naphthalenedicarboxamide opens up an
interesting uncharted territory of supramolecular periodic structures of dicarboxamides with a non-
heterocyclic annulated aromatic core. While primary amides are among the most important
functionalities regarding supramolecular chemistry of both molecular and periodic H-bonded solids,
the structural chemistry of annulated aromatic amides of is nearly uncharted. The structures of the
unsubstituted 1-naphthaleneamide and 2-naphthaleneamide are unknown, the only related reported
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structure is those of 9-anthraceneamide [64] in addition to 6-bromo-2-naphthaleneamide [65] and
5,6,7,8-tetrafluoro-2-naphthaleneamide [66]. The structures of primary bis- or polyamides of
naphthalenes or larger non-heterocyclic annulated aromatic derivatives are not reported at all.

It was shown that in all three investigated naphthalenedicarboxamide structures a highly
favorable one-dimensional (1D) H-bonded amide ladder motif is formed from the combination of
C%(4) chains and R3(8) as well as R3(8) pattern. In 1,4-NDA and in 2,6-NDA, where the amide groups
are arranged close to linear, the parallel 1D hydrogen-bonded ladders assemble into two-dimensional
(2D) sheets exhibiting sql topology. In 2,7-NDA, the bend or angular amide disposition results in an
almost perpendicular arrangement of the amide ladders. Consequently, the hydrogen-bonded
network extends into a three-dimensional (3D) cds topology. There are no m-mt stacking or C-H-mt
interactions of the napthalene rings between the 2D sheets in 1,4-NDA and in 2,6-NDA or in the 3D
network of 2,7-NDA.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Section S1: Chemicals used; Section S2: Preparation of dicarboxamides; Section
S3: NMR spectra of the dicarboxamides; Section S4: IR spectra of the dicarboxamides; Section S5: Mass spectra
of the dicarboxamides; Section S6: PXRD spectra of the dicarboxamides; Section S7: 2D Hirshfeld plots of the

dicarboxamides.
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