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From One-Dimensional Disordered Racemate to Ordered
Racemic Conglomerates through Metal-Coordination-
Driven Self-Assembly at the Liquid-Solid Interface

Tianze Hu*,” Andrea Minoia*,” Gangamallaiah Velpula,*® Kanykei Ryskulova,
Kristof Van Hecke,™ Roberto Lazzaroni,” Kunal S. Mali,”’ Richard Hoogenboom,"” and

Steven De Feyter*®

In recent years, there has been significant focus on investigating
and controlling chiral self-assembly, specifically in the context
of enantiomeric separation. This study explores the self-
assembly behavior of 4-dodecyl-3,6-di(2-pyridyl)pyridazine
(DPP—C12) at the interface between heptanoic acid (HA) and
highly oriented pyrolytic graphite (HOPG) using a combination
of scanning tunneling microscopy (STM) and multiscale molec-
ular modeling. The self-assembled monolayer structure formed

Introduction

Surface confined ordered self-assembled molecular networks
(SAMNs) play an important role in the fabrication of functional
surfaces. They found use in various applications such as
energy conversion and storage,”” catalysis,” and sensing™ to
name a few. The bottom-up approach has been widely explored
for fabricating well-ordered SAMNs using non-covalent
interactions."* In recent years, the fabrication of metal-organic
coordination networks (MOCNSs) has been explored.”” MOCNs
are materials with exceptional structural versatility. They consist
of metal ions interconnected by organic ligands to form
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by DPP—C12 is periodic in one direction, but aperiodic in the
direction orthogonal to it. These structures resemble 1D
disordered racemic compounds. Upon introducing palladium
[Pd(I] ions, complexing with DPP—C12, these 1D disordered
racemic compounds spontaneously transform into 2D racemic
conglomerates, which is rationalized with the assistance of
force-field simulations. Our findings provide insights into the
regulation of two-dimensional chirality.

intricate crystalline structures at the nanoscale. Various organic
ligands such as pyridines,® carbonitriles” and carboxylates®
have been used in combination with different metal ions. Their
ability to precisely tailor these networks at the nanoscale
enables the development of advanced materials with excep-
tional performance across a wide range of applications, such as
catalysis, gas adsorption, drug delivery, sensing and sustainable
energy solutions.”

Various techniques have been widely used to characterize
MOCNSs. For example, X-ray crystallography has been employed
to determine the precise three-dimensional arrangement of
atoms within the MOCN structure. Powder X-ray diffraction
(PXRD) confirms crystallinity and phase purity. Spectroscopic
techniques like nuclear magnetic resonance (NMR) and infrared
(IR) spectroscopy provide information about chemical bonding
and ligand coordination. Furthermore, nanoscale characteriza-
tion of metal coordination networks provides insights into the
types of interactions and orientations between metal ions and
ligands. This understanding helps tailor the stability and
reactivity of the network. Additionally, the orientation and
arrangement of metal centers and ligands at the nanoscale
influence the network’s structural and physicochemical proper-
ties. Scanning probe microscopy, particularly scanning tunnel-
ing microscopy (STM), has been widely used to characterize
MOCNs at the nanoscale as well. Despite the challenges
associated with imaging in the presence of metal ions in
solution, STM has emerged as an indispensable tool for study-
ing the structural aspects of these networks at the nanometer
scale. Because of the well-defined environmental control, most
of these studies are performed under ultra-high vacuum (UHV)
conditions.”'” There are only few reports of MOCNs con-
structed and characterized at the solution-solid interface.®*> '
This is because, fabricating MOCNs is relatively difficult due to
the compatibility between the organic ligands and metal ions.

© 2023 Wiley-VCH GmbH


https://doi.org/10.1002/chem.202302545
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202302545&domain=pdf&date_stamp=2023-11-15

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202302545

In addition, controlling the morphology of the resulting net-
work can also be a significant challenge.'”? Despite the
challenges associated with fabricating and characterizing metal-
organic coordination networks at solution-solid interfaces, a few
of MOCNs have been developed and characterized using
STM.©2P- 118 These networks are typically sustained by a
combination of weaker non-covalent interactions (van der
Waals interactions and hydrogen bonds) and stronger coordina-
tion bonds. "

An intriguing structural aspect of SAMNs is their chirality.
Because of the surface confinement, in fact, the footprint of
achiral and asymmetric molecules can become chiral. When
chirality is involved, molecules can crystallize as racemic
compounds or racemic conglomerates or solid solutions in two-
dimensional (2D) systems."*"¥ In a 2D racemic compound, both
enantiomers co-crystalize in equal amounts, resulting in peri-
odic and achiral structures. In contrast, a 2D racemic conglom-
erate is composed of enantiomerically pure domains that are
not intermixed. A 2D solid solution contains a random mixture
of enantiomers that do not segregate into separate
domains.'*" There exists a special and rarely reported
structure known as a 1D disordered racemate based on the
difference in the degree of order in molecular packing between
racemates and random solid solutions."*' This structure is
characterized by chiral molecules arranged periodically in one
direction with a handedness, but without long-range order in
the arrangement of the two enantiomers along the perpendic-
ular direction. The exploration of chiral MOCNs has implications
for various fields such as catalysis, sensing, separation as well as
drug development and design.'” Understanding surface chir-
ality contributes to the fundamental insights into the mecha-
nism of expression, induction, and amplification of chirality.
While such chirality aspects have been well-explored for
MOCNs"'"®! ynder ultrahigh vacuum (UHV) and for metal free
SAMNs at the solution-solid interface,"™ there exists only a
single report,® describing the 2D chirality of MOCN's fabricated
and characterized at the solution-solid interface.

Recently, we studied the expression and amplification of
chirality in hybrid 2D metallosupramolecular networks formed
by a guanine derivative appended with a pyridyl node at the
solution-HOPG interface.®™ In the absence of palladium (Pd)
ions, the guanine derivative formed a racemic compound, i.e.
the unit cell is composed of both enantiomers at the solution-
HOPG interface. However, the system converted into a con-
glomerate, where multiple enantiomerically pure domains are
formed at the same interface upon addition of Pd(ll) ions.*

In this work, we explore the transformation of an aperiodic
SAMN into a periodic SAMN formed by a pyridazine derivative
using a combination of STM measurements, quantum chemistry
calculations and classical atomistic models. Here, a 4-dodecyl-
3,6-di(2-pyridyl)pyridazine (DPP-C12) molecule (Figure 1) was
synthesized by an inverse-electron demand Diels-Alder
reaction® between 3,6-di(2-pyridyl) tetrazine and 1-tetrade-
cyne. DPP-C12 is achiral but has an asymmetric substitution
pattern leading to a chiral adsorption motive (labelled as DPP-
C12+ and DPP-C12-, Figure 1b and 1c). The self-assembly of
DPP-C12, was studied at the heptanoic acid (HA)/graphite
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Figure 1. (a) DPP-C12 molecular structure, in the (o,8) =(180°,180°) con-
formation. Upon adsorption on a surface DPP-C12 forms a chiral entity. (b)
The mirror image adsorption enantiomers DPP-C12 labelled, DPP-C12+ and
DPP-C12-. For the sake of clarity, the C—C bonds have been colored in gray
(green) in the DPP-C12+ (DPP-C12—) enantiomers. (c) Superimposition of
DPP-C12+4 and DPP-C12-.

interface. The DPP-C12 shows a packing motif, that is periodic
in the direction along the molecular stacks, but aperiodic in the
direction orthogonal to them. However, it was found that in the
presence of palladium ions [Pd(Il)], DPP-C12 forms periodic
MOCNs. More importantly, we discuss the expression of chirality
at the level of the dimer, the tetramer, and the monolayer. We
also report how the system undergoes changes in its chiral
nature upon addition of Pd(ll) ions. The SAMNs correspond to a
1D disordered racemic compound in the absence of Pd(ll) ions,
but it transforms into a 2D racemic conglomerate upon addition
of Pd(ll) ions. Possible reasons behind the transformation from
1D disordered racemic compound into 2D racemic conglom-
erate are discussed in the light of a multiscale molecular
modeling strategy.

Results and Discussion

The experimental details for the synthesis and characterization
as well as the single crystal 3D structure of DPP-C12 are
included in the Supporting Information. The chemical structure
of the DPP-C12 molecule is shown in Figure 1a. The two inter-
ring N—C-C—N torsions in the DPP-C12 core, namely a and f,
play a crucial role in the adsorption geometry of the molecule
as well as in the structure of the metal-coordinated dimers.
Because of the asymmetry introduced by the presence of the
alkyl group, the two torsions are expected to have a different
energy profile. This was calculated and confirmed by computing
those torsional profiles with density functional theory (DFT)
(Figure S1, Supporting Information). To reduce the energetic
noise and the computational cost of the torsional scan, the
dodecyl group has been replaced by a methyl group (see
Supporting Information).
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Conformational Study of DPP-C12 on the HOPG
surface

In order to reveal the preferred adsorption conformation of
DPP-C12 on HOPG, four possible planar conformations have
been considered, namely (a,)=(0°,0°), (0,p)=(180°0°), (o) =
(0°,180°), and (a,B)=(180°180°). These conformations have
been optimized at the DFT level of theory and the resulting
optimized torsional angles and relative stabilities are reported
in Table S1, showing that DPP-C12 adsorbs flat on HOPG and
the most stable conformation is the one having (o,p)=
(180°,180)(Figure S2, Supporting Information). For the most
stable conformer, the nitrogen atoms of the pyridine moiety are
lying opposite to the nitrogen atoms of the pyridazine ring
thereby minimizing the repulsion between the free electron
pairs of the nitrogen atoms, which is similar to the molecular
conformation observed in the crystal structure (Table S2, and
Figure S3a, Supporting Information).

Self-Assembly of DPP-C12

Figure 2a and Figure S4 show a well-extended supramolecular
network formed by DPP-C12 at the heptanoic acid-HOPG
interface. The STM image shows alternating bright columns and
dark troughs. We ascribe the bright features of the columns to
the pyridine units linked to the pyridazine core, whereas darker
troughs correspond to the interdigitated dodecyl chains
attached to the pyridazine moiety. When the orientation of the
alkyl chains on both sides of the bright columns is parallel, the
DPP-C12 cores are aligned parallel as well (Type 1, Figure 2c-
top). This Type 1 structure coincides with the single-crystal 3D
structure (Figure S2b, Supporting Information). However, when
the orientation of the alkyl chains on both sides of the bright
columns are not parallel, one of the DPP-C12 cores is rotated
by 65° with respect to the neighboring DPP-C12 core and forms
a Type 2 structure (Figure 2c-bottom). Both Type 1 and Type 2

structures co-exist at the heptanoic acid/HOPG interface and
are mixed within the SAMNSs.

Self-Assembly of DPP-C12: Periodic? or
Aperiodic?

To find out whether the DPP-C12 SAMN is periodic at a larger
length scale, the bright columnar structures were labelled
based on the orientation of the DPP-C12 cores (Figure 3a). The
bright columns formed by Type 1 (or Type 2) orientation of DPP-
C12 cores are labelled as 1 (or 2 or 2'). The distinction between
2 and 2’ reflects the two different orientations of the alkyl
chains of the Type 2 packing (see Figure 3a). A corresponding
molecular model is shown in Figure 3c. It clearly reveals the
relationship between the orientation of the alkyl side chains
and the interactions between the DPP-C12 cores. The sequence
212" 22’2 111 2°21 2’2 in Figure 3b and 3d indicates that the
SAMN of DPP-C12 is aperiodic, and any apparent periodicity,
such as the one 722" 122’ 122’ observed locally (Figure 3a and
Figure 3¢), is just a coincidence. It should be noted that the
aperiodicity of the DPP-C12 SAMNs is not concentration-
dependent and persists even upon annealing the samples at
80°C.

To evaluate the relative abundance of Type 7 or Type 2
motifs, the sequence of the bright columns in 45 individual STM
images was analyzed (927 rows in total). These images are
obtained on different samples and in different experimental
sessions. The probability of finding the two orientations is 54%
for Type 1 and 46% for Type 2, with large image-to-image
variations, the cumulative weighted average value reaching a
plateau. As kinetics factors may contribute as well, the result is
in line with the stabilization energies calculated for both
structures. A detailed discussion is provided in the modeling
section.

Figure 2. (a) High-resolution STM image of the adlayer formed by DPP-C12 at the heptanoic acid (HA)/HOPG interface (Cppp.c;» = 1.0x107> M). Graphite
symmetry axes are indicated in the lower left corner. Imaging parameters: I,= 150 pA, V,,.s=-600 mV. (b) Molecular models corresponding to the STM images

provided in (a). (c) Two types of packing structures formed by DPP-C12.
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Figure 3. (a and b) High-resolution STM images of the adlayer formed by
DPP-C12 at the HA/HOPG interface. 1, 2 and 2’ labels are used to distinguish
the orientation of DPP-C12 molecules. (c and d) Molecular models
corresponding to the STM images provided in a and b, respectively.
parameters: (a) Iy =70 pA, Vyias =-820 mV. (b) /oy =150 pA, Vyjns =-600 mV.

Mechanism Behind the Aperiodicity of DPP-C12
Self-assembly and Chirality

To gain insight into the mechanism underlying the formation of
aperiodic SAMNs of DPP-C12, we computed and compared the
stability of various DPP-C12 aggregates, namely dimers and
tetramers and these results are summarized in Figure 4.

From DPP-C12 Dimers to Tetramers
Pairing of DPP-C12 via Cores

In order to establish how the molecules prefer to assemble
once adsorbed on HOPG, we compare the stability of dimers in
which molecules pair up either via their cores (C) or via their
alkyl tails (A). At first, we consider how DPP-C12 molecules can
interact by pairing their cores. Two molecular orientations have
been considered, one where the cores are parallel (Figure 4, C1)
and the other where the cores are tilted at about 65° (Figure 4,
C2). Those two dimers are representative of the Type 1 and Type
2 core orientations observed in the STM image (Figure 2a), and
their stability on surface is —54.6 kcal /mol and —50.9 kcal/mol,
respectively. While the C1- and C2- dimers are homochiral, their
heterochiral counterparts i.e., C3- and C4-dimers have compara-
ble stability, as the interactions between the DPP-C12 cores are
the same (Figure 4, C3 and Figure 4, C4).
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Figure 4. Chirality and geometry of DPP-C12 dimers and tetramers with molecules adsorbed in different conformations and interacting via different modes
(pairing via cores and pairing via alkyl chains). DPP-C12 dimers and tetramers are also shown in the Supporting Information (Figure S5, S6 and S7). The DPP-

C12+ and DPP-C12- enantiomers are shown in different colors.
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Pairing of DPP-C12 via Alkyl Chains

Dimers can also be formed when the molecules are pairing via
their alkyl tails. Due to the asymmetric nature of the DPP-C12
core and the resulting molecular prochirality, four inequivalent
types of dimers can be identified (Figure 4, A1-4). These dimers
are 8-10 kcal/mol more stable than those shown in Figure 4,
C1-4, with the most stable dimer of all (—63.9 kcal/mol) being
the one shown in Figure 4, A1. These results indicate that the
formation of the monolayer is dominated by the interactions
between the DPP-C12 alkyl tails, rather than by specific
interactions between the DPP-C12 cores. Of the four possible
dimers, the first two (Figure 4, A1-2) are homochiral dimers,
while the other two (Figure 4, A3-4) are heterochiral dimers. To
evaluate how these dimers can grow into the columns of
interdigitated alkyl groups as observed experimentally, we
studied how molecules can organize in small aggregates of two
interacting dimers.

Aggregates of Two Interacting Dimers

Interestingly, the aggregate formed by the most stable dimer
(the A1 dimer) is the least stable of all, being about 3.3 kcal/mol
higher in energy than the most stable aggregate, which is the
one formed by the A2 dimer as shown in the Figure 4, A2. This
is due to the overall rectangular shape of the A1 dimer which
prevents the perfect interdigitation of the alkyl groups, so that
a gap appears in between the dimers (Figure 4, T1). Instead, the
A2 dimer, which was only 1.1 kcal/mol less stable than the A1
dimer is now the most favorable building block for constructing
DPP-C12 aggregates, as its shape promotes a favorable
interdigitation between the alkyl chains, which results in
formation of compact and ordered aggregates. Aggregates
from the heterochiral dimers A3 and A4 are shown in (Figure 4,
T3,4) and are about 2.6-2.8 kcal/mol more energetic than the
most stable system.

DPP-C12 assembly on graphite: From Tetramers to Monolayer

In order to understand the observed aperiodicity in the DPP-
C12 monolayer, we then modeled how two molecular aggre-
gates can interact. At first, homochiral seeds composed of two
interacting T2 aggregates are created in the Type 7 and Type 2
orientation (Figure 5a and Figure 5¢, respectively) and then they
are extended to build longer stacks. It appears clearly that a
Type 1 homochiral seed (Figure 5a) can be propagated to form a
Type 1 structure (Figure 5b). In stark contrast a Type 2
homochiral seed (Figure 5¢) cannot be used to create Type 2
structures (Figure 5d). A similar analysis can be carried out
assembling heterochiral seed; Type 2 heterochiral seeds (Fig-
ure 6a) can interact to form

extended Type 2 structures (Figure 6b) but Type 1 hetero-
chiral seeds (Figure 6¢) cannot form Type 1 structures (Fig-
ure 6d).

Chem. Eur. J. 2023, €202302545 (5 of 9)

Figure 5. (a) Type 1 homochiral seed and (b) the resulting Type 7 homochiral
structure. (c) Type 2 homochiral seed and (d) the resulting Type 2 homochiral
structure. Molecules in red are in the replicated seed.

Figure 6. (a) Type 2 heterochiral seed and (b) the resulting Type 2
heterochiral structure. (c) Type 1 heterochiral seed and (d) the resulting Type
1 heterochiral structure. Molecules in red are in the replicated seed and
DPP-C12- enantiomers are shown.

It is worth noting that regardless of the type of structure
formed, individual molecular stacks are always enantiopure
structures, being created by the assembly of either the DPP-
C12+ or the DPP-C12- enantiomers. Since DPP-C12 molecules
do not have a preferential adsorption orientation on graphite,
stacks of DPP-C12+ and DPP-C12- enantiomers are both
expected to form on the surface. These findings suggest that

© 2023 Wiley-VCH GmbH
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Type 1 and Type 2 structures can be seen as the two possible
types of interfaces between homochiral stacks: when the
interacting enantiopure stacks have the same chirality, they
form a Type 1 structure and when the interacting stacks have
opposite chirality, then their interface is a Type 2 structure. This
concept is illustrated in

Figure 7, where the DPP-C12 molecules on either side of
the red dashed line show the same stacking structure, but their
chirality is different. The SAMNs formed by these stacks do not
obey the definition of racemic compounds"” due to their
aperiodic nature. In addition, they also do not belong to the
solid solution™ as they are periodic in one direction. Instead,
they are a rare type of 1D disordered racemates."*'* '¥ This
structure is characterized by having the chiral molecules
arranged into 1D periodic homochiral stacks that are randomly
mixed in the monolayer, thus making the overall structure
aperiodic.

To understand the factors contributing to the formation of
1D disordered racemates, we conducted calculations to deter-
mine the relative stability of the two interfaces. Our analysis
revealed that the homochiral seed (taken as ideal model for
Type 1 interfaces) is only 1.6 kcal/mol more stable than the
heterochiral one (taken as ideal model for the Type 2 interface).
This slight difference in the stability clearly: (i) accounts for the
similar experimental relative abundance of Type 1 vs Type 2
interfaces (54% vs 46%) in the monolayer and (ii) makes it
entropically favorable to randomly mix stacks of opposite
chirality rather than creating few extended homochiral domains
like those found in a typical racemic conglomerate. Further-
more, the interactions between molecules within the stacks are
found to be stronger than those between adjacent homo (or
hetero) chiral stacks. We hypothesize that the aperiodic
monolayer is the result of the joining of enantiopure stacks
(homochiral ‘+’ domains and heterochiral - domains) (see
Figure 7) as they grow and diffuse on the surface, creating a
relatively weak interface whose geometry depends on the
chirality of the interacting stacks.

This systematic study on the interaction between the DPP-
C12 molecules to form monolayers clearly explains the origin of

Homochiral ‘+' domains

Type 1 structrure Type 1 structure

Homochiral ‘-’ domain

Figure 7. Type 1 interfaces are found in homochiral domains, while Type 2
interfaces are formed when stacks of opposite chirality come into contact.

Chem. Eur. J. 2023, €202302545 (6 of 9)

aperiodicity and role of chirality in the DPP-C12 SAMNs. These
networks are stabilized by dominant van der Waals interactions
prevailing between the alkyl chains within a row and weak non-
directional interactions between the DPP-C12 cores. Note that
DPP-C12 is prochiral, leading to two mirror-image motifs. The
compound forms homo- and heterochiral stacks. Interaction
between the homochiral stacks leads to the formation of the
Type 1 interface, whereas heterochiral stacks direct the
formation of the Type 2 interface. Both chiral stacks have similar
stabilization energies. Therefore, they randomly come in contact
and form 1D disordered racemates.

Coordination-Driven DPP-C12 Self-Assembly

In the absence of metal ions, DPP-C12 forms an aperiodic 1D
disordered racemic SAMNs mainly sustained by van der Waals
interactions between interdigitated alkyl chains rather than the
interactions between the DPP-C12 cores. It is well known that
metal ions form adducts with Lewis’s base ligands such as
pyridine groups. Therefore, we explored the possibility of
regulating the interactions between the cores of the DPP-C12
molecules by metal ion complexation and therefore to affect
the self-assembly behavior, with a particular interest to the
chirality of the resulting MOCNSs. Palladium chloride (PdCl,) was
selected because it forms coordinate complexes with a large
range of ligands including pyridine. Firstly, PdCl, was dissolved
in dimethyl sulfoxide (DMSO) and diluted with heptanoic acid.
Then a PdCl,/DMSO/HA mixture (0.5 mM, DMSO/HA =1:19) was
added to the DPP-C12 solution in HA to form a 2:1 mixture of
the ligand and the metal. In contrast to the aperiodic SAMNs
obtained without Pd(ll), deposition of such a pre-mixed metal-
ligand solution yielded highly ordered MOCNSs (Figure 8a, Fig-
ure S8, Supporting Information) at the HA/HOPG interface.
Furthermore, identical MOCNs of the DPP-C12/Pd(ll) complex
have also been observed when PdCl, was added in situ to the
HOPG substrate containing already formed aperiodic SAMNs of
DPP-C12 (Figure S9, Supporting Information). This indicates the
dynamic behavior of the system under the experimental
conditions.

Figure 8. Self-assembly of DPP-C12 at the HA/HOPG interface in the
presence of Pd(ll) ions (Cppp.ci»=1.0x107> M, Cpyc; =5%107* M). (a) Small-
scale, high-resolution STM images of the adlayer formed by the DPP-C12/Pd
molecules at the same interface. Imaging parameters: I,,, =30 pA, Vjjos=-
820 mV.
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The relative orientation of the DPP-C12 cores as well as the
alignment of alkyl chains within the columns is uniform. This
significant change in the network and peculiar STM contrast at
the anticipated metal-ligand junction indicates successful
coordination of DPP-C12 to Pd(ll) ions. The unit cell parameters
for the MOCNs of the DPP-C12/Pd(ll) complex are a=1.5+
0.1 nm, b=2.6+0.1 nm, and y=894+1° (Figure 8b). Each unit
cell contains two DPP-C12 molecules and one Pd(ll) ion. The
molecular density is 0.51 molecules/nm?. It is worth noting that
the molecular density is 0.66 molecules/nm? in the absence of
Pd(ll) ions, and the adjacent DPP-C12 molecules along the
columns are tightly packed and the distance between the
molecules is shorter (1.3+0.1 nm). Upon the addition of Pd(ll)
ions, the intermolecular distance between adjacent molecules
slightly increases, resulting in a 23% decrease in the molecular
density.

DPP-C12 has multiple metal coordinate sites and is capable
of complexing more than one metal center® It has been
reported that metal-complexed pyridazine derivatives may
appear as two different conformers. For a=180° and f=0°, two
DPP-C12 molecules bind to one metal atom. In case of the
most unstable adsorption conformation in absence of metal
ions, a=0° and p=0° (Table S1, Supporting Information), two
DPP molecules link with two metal atoms.”” The STM images,
however, provide clear evidence for the formation of the metal-
ligand complexes. A bright spot is present in between two
DPP-C12 molecules (Figure 8a), where two DPP-C12 molecules
bind to one Pd(ll) ion. A molecular model based on calibrated
STM data is shown in Figure 8b.

From DPP-C12/Pd(ll) Dimers to Monolayers and Chirality

The structure of isolated mono- coordinated dimers has been
investigated by means of theoretical calculations and the results
are shown in Figure S10 in the Supporting Information. The
most stable structure is the one in which both DPP-C12
molecules are in a a=180° and B=0° conformation. Note that
since the most stable conformation of non-metalated DPP-C12
adsorption (a=180° and B=180°) is not suitable for metal
coordination, the theoretical results suggest metal coordination
is most likely to occur with the molecules that are in solution
rather than with those already adsorbed on HOPG. To test this
idea, UV-vis spectra of both DPP-C12 and DPP-C12/Pd(ll) in
solution have been recorded (Figure S11, Supporting Informa-
tion). Both DPP-C12 and DPP-C12/Pd(ll) show absorption bands
at 238 nm (n-n*) and 287 nm (n-7*). A significant increase in the
intensity of the absorption band at 238 nm (n-n*) is observed
upon addition of Pd(ll) ions to the DPP-C12 solution. The
enhancement in this absorption band is due to the coordination
interactions between the Pd(ll) ions and DPP-C12. Therefore,
both the experimental and theoretical findings support the
hypothesis that metal-coordination already takes place in
solution.

Several monolayers have been modeled with the most
stable coordinated dimer and the most promising resulting
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structure is shown in Figure S12 in the Supporting Information.
This modelled

monolayer not only quantitatively matches the STM images
but its unit cell (@=1.3+0.1 nm, b=2.6+0.1 nm, and y= 88+
1°) is in a good quantitative agreement with the experimental
one (@=15+£0.1nm, b=2.6+0.1Tnm, and y= 89+£1°). It is
important to note here that similar to the DPP-C12 dimers,
DPP-C12/Pd(ll) dimers are also prochiral (Figure 8a), and do not
present any preferential adsorption sides. Therefore, both the
dimer B+ and dimer B- enantiomers are expected to be present
on the surface (see Figure 9b, Figure S13). Since the model that
best fits the experimental data is a homochiral domain, i.e. only
composed of B+ or B- dimers homochiral domains of opposite
chirality should be observed. Indeed, large-scale STM images
(Figure 9b) show that multiple enantiopure domains of oppo-
site chirality coexist at the solution-HOPG interface. This
confirms the validity of our theoretical model and it indicates
that the MOCNs formed by DPP-C12 in the presence of Pd(ll)
are racemic conglomerates. Conglomerate crystallization is an
important step for the separation of two enantiomers in the
bulk.”" Recently, we have explored such metal-ion mediated
spontaneous resolution for the guanine derivative appended
with an ethynyl-4-pyridyl moiety (C6G-4Py)."”

To understand the formation of racemic conglomerates of
DPP-C12/Pd(ll) MOCNs, we conducted theoretical calculations
and analyzed monolayers formed by DPP-C12/Pd(ll) units
(Figure S12, Supporting Information). The formation of the
racemic conglomerate is mainly driven by a combination of
coordination interactions, between the DPP-C12 cores and
Pd(ll) ions, as well as van der Waals interactions between the
interdigitated alkyl chains on both sides of the DPP-C12/Pd(Il)
dimers. These interactions collectively control the orientation of
the molecules in the MOCNE.

The DPP-C12/Pd(ll) complex forms periodic MOCNs, unlike
DPP-C12 SAMNs. The periodic nature of DPP-C12/Pd(ll) is due
to the fact that the metal-coordinated dimers have two alkyl
groups that cannot pair together and are oriented along the
same direction (with a small offset). This orientation of alkyl
chains is defined by a combination of relatively stronger metal-
coordinated interactions between DPP-C12 and Pd(ll) and the
overall geometry of DPP-C12/Pd(ll) dimers. Furthermore, the

Dimer B+

Figure 9. (a) Prochiral metal-coordinated dimer. (b) Large-scale STM image
shows two domains. The chirality of the molecules in both the domains is
represented by the dimers B+ (gray) and B- (green) enantiomers. Imaging
parameters: |, =110 pA, Vi, =-600 mV.
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adjacent dimers interdigitate their alkyl groups in a specific way
leading to the formation of highly ordered extended mono-
layers.

Like DPP-C12 dimers, metal-coordinated dimers are also
prochiral. However, because of the strict way the dimers can
interact, only large homochiral domains are found, indicating
the formation of a racemic conglomerate on the surface.

Conclusions

This study demonstrates a molecular-level understanding of the
transformation from a 1D disordered racemate DPP-C12 SAMN
into a 2D racemic conglomerate DPP-C12/Pd(ll) MOCN at the
solution-solid interface. We provide mechanistic insights into
this transformation at the level of “dimers” using high-
resolution STM data, as well as atomistic models and quantum
calculations. These reveal that the formation of 1D disordered
racemate DPP-C12 SAMNs is due to DPP-C12 prochirality and
the dominance of intrarow interactions, driven by the tendency
of the molecules to interact through pairing their alkyl chains,
which results in enantiopure stack growth. Since there are no
specific interactions between the DPP-C12 cores, the stacks can
interact in two different favorable ways, the inter-row inter-
actions being nearly isoenergetic. This makes it entropically
favorable for the stacks to randomly mix, resulting in 1D
disordered racemates.

However, the addition of Pd(ll) ions enhances the inter-
actions between the DPP-C12 conjugated cores, further con-
trolling the interactions between the DPP-C12/Pd(ll) dimers
through interdigitation of the alkyl chains. The way the dimers
interact leads to the formation of large homochiral domains,
resulting in the formation of a racemic conglomerate on the
surface.

Overall, this study emphasizes the role of coordination
interactions in controlling the order and chirality of metal-
organic coordination networks, providing valuable insights into
the recognition and regulation of two-dimensional chirality.

Experimental Section

Scanning tunneling microscopy (STM)

A stock solution of DPP-C12 (Cppp.c1,=1.0x107* M) was prepared by
dissolving the appropriate amount of solid in 1-heptanoic acid (HA)
(Sigma-Aldrich >99%). The stock solution was diluted further with
HA to make a concentration series. The stock solution of palladium
chloride (PdCI2) (Sigma-Aldrich) was prepared by dissolving PdCl,
in dimethyl sulfoxide (DMSO) (Cpmso=1.0x10"2M). The stock
solutions were diluted further with HA to make a concentration
series. A 2:1 mole ratio of DPP-C12 and PdCl, mixture was
prepared by mixing the appropriate volumes of DPP-C12 and PdCl,
solutions. All STM experiments were performed at room temper-
ature (21-23°C) using a PicoLE (Agilent) machine operating in
constant-current mode with the tip immersed in the supernatant
liquid. STM tips were prepared by mechanically cutting a Pt/Ir wire
(80%/20 %, diameter 0.2 mm). Prior to imaging, a drop of solution
was placed onto a freshly cleaved surface of highly oriented
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pyrolytic graphite (HOPG, grade ZYB, Advanced Ceramics Inc.,
Cleveland, USA). The experiments were repeated in 2-3 sessions
using different tips to check for reproducibility and to avoid
experimental artefacts, if any. For analysis purposes, recording of a
monolayer image was followed by imaging the graphite substrate
underneath under the same experimental conditions, except for
increasing the current and lowering the bias. The images were
corrected for drift via Scanning Probe Image Processor (SPIP)
software (Image Metrology ApS), using the recorded graphite
images for calibration purposes, allowing a more accurate unit cell
determination. The unit cell parameters were determined by
examining at least 4 images and only the average values are
reported. The images are Gaussian filtered. The imaging parameters
are indicated in the figure caption: tunneling current (I), and
sample bias (V,;,,). The molecular models were built using Hyper-
chem 7.0 program.

UV-vis spectroscopy

All stationary measurements have been recorded using a spectro-
photometer (Lambda-950 spectrometer). The spectrometers were
corrected for the wavelength dependence of the throughput of the
emission monochromator and the sensitivity of the detector. The
optical density at the absorption maximum of all solutions was kept
below 0.1 in a 1 cm cuvette (107> M). The EQE was measured using
an integrating sphere (Labsphere) coupled to the abovementioned
fluorimeter through optical fibers. Barium sulfate was used during
the EQE measurement as fully scattering reference.

Theoretical methods

Density functional theory (DFT) calculations

Density functional theory calculations performed with DMOL3 code
available in Biovia's Materials Studio modeling package have been
performed to (i) optimize the geometry of DPP-C12 and DPP-C12/
Pd, (i) calculate the torsional profile for the two interring torsions
in the conjugated DPP-C12 core, (iii) compute the ESP charges for
all atoms dimers, (iv) calculate the stability and conformation of
adsorbed DPP-C12 and metal coordinated dimers and (v) to
validate the choice of the force field used in the classical atomistic
models of DPP-C12 aggregates and monolayers. These DFT
calculations were conducted by using the GGA BLYP functional,
effective core potentials, DNP+ basis set and the GRIMME
dispersion correction.

Modelling supramolecular self-assemblies using quantum chemistry
calculations is proving challenging even with modern computers
and is therefore best to move towards classical, force-field based,
full atomistic models. Having use it to successfully model
supramolecular assemblies in the past, we consider the DREIDING
force field, improved by using ESP charges from a DFT optimization
of a DPP-C12 molecule in vacuum, as atomic charges.

To validate our choice, we compare the DFT torsional profiles
discussed before with those predicted by the force field. Figur-
es Sla and S1b show the comparison between the DREDING and
DFT torsional profiles for the a and B torsions: while predicting
slightly softer torsions, the DREIDING force field can qualitatively
reproduce the DFT results.

CCDC 2219946 contains the supplementary crystallographic data
for DPP-C12. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
structures.
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Supporting Information

Detailed description of materials and methods, crystal structure
analysis, modelling, additional STM data, UV-vis spectra are
available in the Supporting Information file. Additional refer-
ences are also cited within the Supporting Information.!'*??
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