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ABSTRACT Supramolecular self-assembly of suitably functionalized building blocks on surfaces can

serve as an excellent test-bed to gain understanding and control over multicomponent self-assembly in
more complex matter. Here we employ a powerful combination of scanning tunnelling microscopy (STM)
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and molecular modeling to uncover two-dimensional (2D) crystallization and mixing behavior of a series w ‘ ’ 4*

of alkylated building blocks based on dehydrobenzo[12]annulene, forming arrays of nanowells.

Thorough STM investigation employing high-resolution spatial imaging, use of specially designed

marker molecules, statistical analysis and thermal stability measurements revealed rich and complex supramolecular chemistry, highlighting the

impact of odd—even effects on the phase behavior. The methodology and analysis presented in this work can be easily adapted to the self-assembly of

other alkylated building blocks.
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any applications involve the inter-

action of molecules with surfaces.

Patterning surfaces in view of tun-
ing its interfacial properties can be real-
ized via the templating with organic
molecules."”” Bestowing self-assembled
monolayers (SAMs) to the surface is an inex-
pensive and versatile bottom-up method 2~
Understanding and controlling the phase
behavior on adsorption onto a solid support
isimportant in developing robust strategies
for engineering interfaces. In general, the
coadsorption of the components present in
the liquid mixture can lead to several
possibilities.'*~'® The compounds can dis-
play eutectic behavior.”?® As such, the
molecules are adsorbed in separate phases,
each representing a structure identical to
the pure system. When one of the com-
pounds, however, gets incorporated in the
lattice of the other one, mixing on the sur-
face occurs. Depending on whether this
mixing happens in an ordered or random
fashion, cocrystallization or ideal mixing
behavior, respectively, is seen on the sur-
face.'?? Predicting the assembling behavior
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of multicomponent mixtures on solid surfaces
is particularly challenging.?®

Very subtle structural differences in the
binary mixing partners may yield surprising
results.*%* For instance, binary mixtures of
primary linear alcohols that differ by a sin-
gle methylene group unveil ideal mixing
if the shorter alcohol possesses an odd
amount of carbon atoms.?*?” In contrast, if
the shorter component is “even”, cocrystals
are formed.?®%” The fact that both compo-
nents mix (random or ordered) on the sur-
face finds its origin in the similar symmetries
of the unit cells of the pure components.?

In contrast, linear alkanes that differ only
1 carbon atom will mainly phase separate
due to the difference in the crystal structure
of odd (pgg space group) and even (cm
arrangement) compounds.’®?® The differ-
ence in space group mainly finds origin
in a different orientation of the terminal
groups of the alkanes and is driven by mini-
mizing the intermolecular steric repulsion.
In general, many high-density organic thin
films show an alteration of the network
properties and structure depending on the
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Figure 1. (a) Chemical structures of the achiral DBA compounds tested in this study. Expression of supramolecular chirality at
the level of interdigitated DBA dimers (b), Csc-symmetric hexamers (c), and selected DBA hexamers with lower symmetry (d).
The Cs-CW and CCW pore can also be distinguished by the orientation of the alkyl chains at the rim of pore. The (+) and (—)

signs in (d) indicate the chirality of each interdigitation pattern.

parity of the number of the CH,-units in the alkyl
chains, a result called the odd—even effect30~34
Odd—even effects may also have an impact on the
chiral nature of such monolayer-thin films.3>~38

The question rises if the subtle phenomena obtained
for simple systems are general and also hold for more
complex systems. Popular and important two-dimen-
sional (2D) networks are those containing void spaces
arranged regularly in the nanometer range, the so-
called low-density 2D porous networks.>*~42

Recently we showed the possibility of achiral trian-
gular dehydrobenzo[12]annulene (DBA) derivatives to
use as a model system to study various aspects of
molecular self-assembly on surfaces.** Mixing of
achiral DBA derivatives with an even number of
carbon atoms per alkoxy chain, but that differ in
the length of the alkoxy chains, leads to nearly
complete mixing when the difference in alkoxy
chain length is two and to phase separation when
the difference in alkoxy chain length reaches four
methylene groups.**

In this article, we investigate the phase behavior of
equimolar binary mixtures of alkoxylated triangular
dehydrobenzo[12]annulene (DBA) derivatives that dif-
fer only in 1 carbon atom in length.

The factors that are at the origin of their peculiar
phase behavior are unraveled, and also the structural
properties of the monocomponent systems are inves-
tigated in detail, revealing intriguing odd —even effects
that also have an impact on monolayer chirality. The
study is performed at the liquid—solid interface and
examines the structural aspects of the porous networks
upon physisorption of the DBA compounds from the
solution phase. The networks are probed by scanning
tunneling microscopy (STM) and modeled via density
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functional theory (DFT) and molecular mechanics (MM)
simulations.

RESULTS

Description of the Model Systems and Basic Terminology.
For this study we have chosen homologous derivatives
of dehydrobenzo[12]annulenes (DBA-OCn) with al-
koxy chains varied from undecyloxy (DBA-OC11) to
hexadecyloxy (DBA-OC16, Figure 1a). Syntheses of
DBA-OC11 and DBA-OC15 were reported here (Sup-
porting Information, section S11). Synthesis of the
other compounds were reported previously.*>*® The
solutions were prepared by mixing DBA-OCn,qq4 (DBA-
0C11, DBA-OC13, or DBA-OC15) with DBA-OCneyen
(DBA-OC12, DBA-OC14, or DBA-OC16) in a 1:1 molar
ratio, dissolved in 1-phenyloctane. As such, five bicom-
ponent mixtures of DBAs that differ by only one carbon
atom in length were probed: DBA-OC11/DBA-OC12
(2.5 x 107° M), DBA-OC12/DBA-OC13 (2.5 x 10 ° M),
DBA-OC13/DBA-0C14 (8.3 x 10~ M), DBA-OC14/
DBA-OC15 (83 x 107 M), and DBA-OC15/DBA-
0C16 (83 x 1077 M). The total concentrations are
described in the parentheses.

The structure of the honeycomb-pores is a conse-
quence of two possible mirror-image interdigita-
tion patterns stabilizing the supramolecular network.
At the level of the DBA (homo or hetero) dimers, the
(—)-type interdigitation can be easily distinguished
from its enantiomer, the (+)-type interdigitation pat-
tern (Figure 1b). Hexagonal pores built exclusively
from (=) or (+) interdigitation have Cg-symmetry
and are denoted as CW (i.e., “clock-wise”) or CCW (i.e.,
“counterclockwise”), respectively. Non-Cs hexagonal
pores can also be formed by combination of (+) and
(—) interdigitation patterns: out of the 12 possible such
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Figure 2. Typical STM images of binary 1:1 mixtures of DBA-OCn,44 and DBA-OCngep. (3, b) STM images of DBA-OC12/DBA-
0OC13 (Isey = 0.2 nA and V,,;,s = —0.2 V for both images). The surface is mainly covered with domains of CW or CCW hexagons.
The angle a represents the angle between the unit cell vector (yellow dashed line) and the (1100) directions of HOPG (blue
dashed line). (c, d) STM images of DBA-OC15/DBA-OC16. The surface is mainly covered with non-C4-symmetric hexagons. The
domain borders are highlighted by the white lines. The black arrows in the left corner represent the main symmetry directions

of HOPG.

combinations C,- and Cs;-symmetric are the most
common (Supporting Information, Figure S10).
Self-Assembly of Binary Mixtures Containing Both DBA-0Cn, 44
and DBA-OCn,.,. STM images (Figure 2 and Supporting
Information, section S2) show that upon adsorption
porous networks are formed for all mixtures. Surpris-
ingly though, detailed analysis (Supporting Informa-
tion, section S3) of the relative abundance of different
types of hexagonal pores suggests that the be-
havior on the surface could be split in two groups
(Figure 3). When the DBA-OCngyen cOmpound is
smaller than the DBA-OCny,qq (i.e., DBA-OC12/
DBA-OC13 and DBA-OC14/DBA-OC15 mixtures),
the surface is mainly covered with domains consist-
ing of Cs-hexagons (Figure 2a,b; Supporting Informa-
tion, Figure S3). In contrast, when the binary mixture
consists of a DBA-OCngyqq compound that is smaller
than the DBA-OCngyen, (i.e., DBA-OC11/DBA-OC12,
DBA-OC13/DBA-0C14, and DBA-OC15/DBA-OC16
solutions), the surface is mainly covered with DBA
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hexagons of lower symmetry (Figure 2cd and
Figures S1 and S2).

While this analysis is a clear signature of differences
between the respective mixtures, the exact adlayer
composition cannot be concluded. In general, self-
assembly from a multicomponent solution can lead
to preferential adsorption, phase separation, cocrystal-
lization or random mixing of different components on
the surface. Unfortunately, direct assignment of the
identity of adsorbed DBAs is not straightforward
because in each mixture two components differ only
by a single methylene group. To understand the
peculiar self-assembly behavior of the binary mixtures,
we investigated in detail the corresponding mono-
component assemblies at the 1-phenyloctane/HOPG
interface.

Self-Assembly of Monocomponent DBA Systems. All stu-
died DBAs form porous networks (Figure 4) with sig-
nificant abundance of Cs-symmetric pores (Table 1 and
section S4).
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The precision of STM measurements is enough to
distinguish differences in unit cell parameters of the
DBA assemblies; however, it is much more convenient

(T C,-symmetric hexagons
2] non-C_-symmetric hexagons
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Figure 3. Ratio between the surface coverage of the C4- and
the non-Cs-symmetric hexagonal pores for equimolar mix-
tures of different DBAs. The behavior on the surface can be
split in two groups depending on whether the DBA-OCn,qq
or DBA-OCng,., is larger.

and reliable to use the unit cell alignment angle o with
respect to the HOPG lattice. Indeed, the angle o of CW/
CCW domains is structure specific and varies greatly
between DBAs of different parity (Table 1), yielding
mean average of 13° for DBA-OCnyqq and 4.5° for
DBA-OCngyen-

Mixing and Phase Separation in Bicomponent DBA Assem-
blies. Analysis of the alignment angle a in the ordered
assemblies formed from DBA-OC12/DBA-OC13 and
DBA-OC14/DBA-OC15 mixtures show clear bimodal
distribution with maxima corresponding to the align-
ment angle of pure components (Figure 5 and Table 1).
Thus, self-assembly from DBA mixtures in which DBA-
OCngqq is larger than DBA-OCngy., leads to phase
separation on the surface. Interestingly, there appears
to be a preference in the adsorption of the smaller
DBA-OCngyen-

Unfortunately, similar analysis cannot be directly
applied to DBA mixtures in which DBA-OCngqq is
smaller than DBA-OCnyen because of disorder present
in those assemblies. However, the disorder is in itself an
evidence of random mixing of both components on
the surface since monocomponent systems tend to
form highly ordered hexagonal networks.

To gain structural insights into phase behavior of
bicomponent DBA assemblies at the molecular level

Figure 4. High resolution STM-images of mirror image domains of (a) DBA-OC11 (/;¢; = 0.2 nA and Vj,;,s = —0.2 V) and (b) DBA-
0C12 (/;;=0.2 nA and V},;,s= —0.2 V). Unit cells are indicated in yellow. The HOPG main symmetry directions are represented by the
black arrows in the left corner. The HOPG reference axis used to measure the angle o is highlighted in blue. In this assignment CW
and CCW domains have +a and —a, respectively, with the absolute value of o being characteristic to the given DBA-OCn.

TABLE 1. Measured Characteristics of the Structure of Mono-Component DBA Assemblies

unit cell parameters alignment angle ratio of hexagons
compound a (nm) b (nm) v (deg) o (deg) Cs-CCW (%) non-Cs (%) C-CW (%)
DBA-0CT1 43 £ 0.1 42 £ 0.1 120 1 139+ 14 47 £3 03+£01 52+3
DBA-0C12 45+ 0.1 46 £ 0.1 120 1 47 £13 54+ 4 04+£03 46 £ 4
DBA-0C13 48 £ 0.1 47 £ 0.1 120 1 132413 2+13 28+9 40+ 4
DBA-0C14 50 +0.1 50+ 0.1 120 1 45+13 50£1 09+08 49 +1
DBA-0C15 52402 52401 120 1 122+ 05 46 £ 3 49 +£20 49+ 4
DBA-0C16 55401 5402 121 +1 43 £ 06 5+ 21+£12 BN
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Figure 5. Bimodal fitted distribution of the absolute angle o (angle between the unit cell vector and the normals of HOPG) for
chiral (CW and CCW) domains in binary DBA samples with DBA-OCngye, < DBA-OCn,yqq4. (@) The equimolar mixture DBA-OC12/
DBA-OC13 shows peak maxima at 5.1 and 12.9°. (b) The equimolar mixture DBA-OC14/DBA-OC15 has the peak maxima
located at 4.9 and 13.5°.

¢DBA-OC13(R)

Figure 6. (a) Chemical structure of chiral cDBA-OC13(R). This molecule can be recognized in STM images by a black contour
surrounding the bright triangular core of the DBA molecule. (b) STM-image of the monolayer adsorbed from the solution
mixture of DBA-OC12 and cDBA-OC13(R), a chiral DBA with a stereocenter in each alkoxy group (/se; = 0.17 nA and Vo5 =
—0.23 V). The upper domain contains molecules without any black contours. In contrast, the lower domain contains mainly
molecules surrounded by a black contour. The mixture has a tendency to phase separate. (c) STM-image of the monolayer
adsorbed from the solution mixture cDBA-OC13(R)/DBA-OC14 (/5o = 0.18 nA and V},;,s = —0.32 V). Black contour molecules are
clearly adsorbed in a domain of DBA-OC14. On the surface both molecules rather mix. The white line represents a domain
border. The black arrows represent the graphite main symmetry directions.

we have studied the self-assembly of DBA-OC12 and assemblies from those that are metastable (kinetically
DBA-0C14 with cDBA-OC13(R), a DBA with a stereo- trapped), we have performed a series of experiments at
center in each alkoxy chain. The latter one is readily higher temperatures.

distinguishable in STM images as it appears with a Thermal annealing of monocomponent systems
black contour (Figure 6).*® Potential origins of this leads to disappearance of the lower symmetry (C;-,
peculiar contrast are the conformation of the func- C>-, C3-) hexagons, yielding larger domains of the
tional groups as well as its relative position with respect perfectly ordered hexagonal networks of the DBAs
to the graphite surface. (Supporting Information, section S7). Similar effects

Surface distribution of cDBA-OC13(R) directly con- were observed in self-assembly at elevated tempera-

firms phase separation and random mixing in the case tures of DBA mixtures in which DBA-OCnyq4q Was larger
of cDBA-OC13(R)/DBA-OC12 and cDBA-OC13(R)/ than DBA-OCn.,.,. Specifically, at higher tempera-
DBA-OC14, respectively. Furthermore, while small tures, all non-Cg-symmetric pores, which coexisted
amounts of shorter DBA-OC12 can be observed in when the monolayers were prepared at room tem-
the phase of cDBA-OC13(R), the opposite-inclusion of perature, disappeared, leaving on the surface only
cDBA-OC13(R) into DBA-OC12 does not happen. large separated phases of pure components. Interest-
Thermal Annealing of the Mono- and Bicomponent DBA ingly, even so, self-assembly was always done from
Assemblies. In self-assembly on surfaces, the observed equimolar mixtures; at elevated temperatures there
structures do not always represent thermodynamic was significant preferential adsorption (>90%) of short-
equilibrium. To differentiate thermodynamically stable er DBAs (Supporting Information, section S8).
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Figure 7. STM images (/e = 0.2 nA and V55 = —0.2 V) of the 1:1 binary mixture of DBA-OC11/DBA-OC12 after thermal
annealing at 80 °C. (a, b) New chiral superstructure is observed containing ordered combination of chiral Cs- (solid green or
red) and achiral C,-symmetric (open green or red) hexagons. Both mirror-handed superlattices are seen on the surface. (c, d)
The images below are the enlarged areas inside the white squares of the top images. The graphite main symmetry directions
are represented by the black arrows in the left corner. All alkyl chains lie parallel to the HOPG main symmetry directions.

TABLE 2. Short Summary of Self-Assembly of Binary Mixtures of DBAs

Nodd > Neven Nogd < Meven
RT annealed at 80 °C RT annealed at 80 °C
phase separation, phase separation, preferential random mixing, ordered coassembly,
non-(g-symmetric pores adsorption of DBA-0Cngyep, non-Cg-symmetric of Cg-symmetric
are randomly distributed non-Cs-symmetric pores are absent pores are majority pores of DBA-0Cngye, and

(,-symmetric mixed pores

The most unexpectedly, thermal annealing of
mixed self-assemblies in which DBA-OCngyen Was
larger than DBA-OCn,q4q led to the formation of a
new highly ordered structure comprising both Ce-
and Cy-symmetric pores (Figure 7). This structure has
two distinct sites: (A) DBAs forming Cs-symmetric rings
and (B) single DBAs joining such rings into the perfectly
hexagonal superstructure. Such superstructure was
never observed in the self-assembly of single compo-
nent systems and thus has to contain both compo-
nents. Finally, experiments with marker molecules
(cDBA-OC13(R)/DBA-OC14 mixtures) have allowed
to identify that in the superstructure DBA-OCneyen
and DBA-OCnyqq occupy A and B sites, respectively
(Supporting Information, section S8). All these results
are summarized in Table 2.

GHIJSENS ET AL.

DISCUSSION

The complex behavior in DBA assemblies presented
above does not fit into any single known model and
requires detailed insight into self-assembly structure at
the molecular level. For this we performed a series of
molecular modeling calculations.

Optimization of isolated DBA molecules in vacuo
showed Dsp-symmetric structure with flat aromatic
core and nonparallel diverging alkyl chains in all-trans
conformation (Figure 8a).

Upon adsorption of DBA its molecular symmetry
changes to Cs. Now the alkyl chains run parallel in
pairwise fashion and are coaligned with the main
symmetry directions of HOPG. Optimization of the
substrate—molecule interactions matches the placement
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Figure 8. Relationship between various types of supramolecular interactions present in DBA self-assembly: (a) geometry of
single DBA, fully relaxed in vacuo, showing nonparallel alkyl chains diverging away from the core (W is the “width” of DBA
core- distance between the alkyl chains when they are orthogonal to the side of DBA triangle); (b) effect of surface- adsorption
of single DBA on HOPG surface (S is the distance between the equivalent sites of HOPG surface); (c) structure of DBA dimers in
vacuo as the result of interplay between optimization of intermolecular interactions and building up intramolecular strain (/is
the distance between DBA alkyl chains in perfectly interdigitating DBA dimer) and (d) fully optimized geometry of DBA dimers
on HOPG as the result of interplay between intra-, inter-, and substrate—molecule interactions. Both molecule—molecule
(marked with green ticks: matching interdigitation between all alkyl chains and optimal distance between the methyl groups
and the DBA cores) and substrate—molecule interactions are responsible for generation of molecular chirality (tilt of alkyl
chains with respect to building block core) of DBA assemblies. For these calculations we have used model DBA systems with
two OC,gHz3 chains and the remaining four positions that do not participate directly in intermolecular interactions at the level
of DBA dimers were truncated with small rigid alkoxy chains. Full molecular structures of the optimized models are given in

ysz'8=I

(Supporting Information, section S10).

of the alkyl chains with the graphite lattice underneath,
tilting the alkyl chains with respect to the DBA core
(Figure 8b). Similar tilting is also observed in maximiza-
tion of the van der Waals interactions between inter-
digitating alkyl chains, both in terms of the interchain
distance as well as the relative position of the methy-
lene groups in adjacent chains (Figure 8c). Both effects
work together, yielding the observed changes in mo-
lecular conformations of the DBA assemblies adsorbed
on the HOPG (Figure 8d). Furthermore, optimized
interactions (intra-, inter-, and substrate—molecule)
are effectively translated throughout the supramole-
cular network via commensurability, clearly visible in
periodic modulations of the STM contrast, a Moiré
pattern, of the DBA cores (Supporting Information,
Figure S13).

Cs-symmetric adsorbed DBA molecules are chiral
with each pair of the coaligned alkyl chains on the
surface acting as an origin of chirality. Thus, in addition
to supramolecular chirality (Figure 1) arising from the
interdigitation of the alkyl chains on the surface, each DBA
molecule possesses also specific molecular (point group)
chirality, denoted as R-DBA or S-DBA (Figure 9a). An
analysis of high resolution STM images confirms non-
orthogonal tilt (R-DBA or S-DBA) of the alkyl chains with
respect to the side of the DBA core (Figure 9¢,d).

GHIJSENS ET AL.

At the level of DBA dimers four different com-
binations are possible (Figure 9b), with R(+)/S(—) and
R(=)/S(+)) being enantiomeric pairs. Intriguingly, ex-
istence of a specific combination depends on the parity
of carbons in the alkoxy chains: R(+) and S(—) for
DBA-OCngyen, While R(—) and S(+) are the most favor-
able for DBA-OCn,q44 (Figure 9¢,d).

To the best of our knowledge, this is the first
example of the odd—even effect in porous 2D assem-
blies. It arises from the asymmetry in van der Waals
interactions of the interdigitated alkyl chains and DBA
core (Figure 10). Because alkyl chains are known to
align along main symmetry axes of graphite,*” the
overall alignment of DBA assemblies with respect to
the graphite is also structure-specific and our modeling
is in very good agreement with the experimental data
(Supporting Information, section S10 and Figure S16).

Our calculations also suggest that chiral domains
with perfect hexagonal lattice are the thermodynamic
minimum structures of monocomponent DBA assem-
blies. Less symmetric hexagons (Figure 1) are formed
from diastereomeric pairs (R(+)/R(—) or S(+)/S(—))
and, as such, are less stable than homochiral assem-
blies formed from Cg-hexagons. The metastable na-
ture of irregular hexagons in monocomponent DBA
assemblies is also evident from thermal annealing

A N NS
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Figure 9. (a) Prochiral DBA compounds upon adlayer formation. Depending on whether the angle is 6 > 90° or 6 < 90°, a
R-DBA or S-DBA will be formed, respectively. (b) Combining point group chirality of DBA compounds with organizational
chirality of the alkyl chain interdigitation results in four different types of dimers and Cs-symmetric hexagons. (c) High
resolution image of a CCW domain of DBA-OC12 (/s; = 0.2 nA and Vj,;,s = —0.2 V). (d) High resolution image of a CCW domain of
DBA-OC13 (/set=0.8 nA and V},;,s = —0.15 V). The dotted blue square represents a 90° angle with respect to the core of the DBA
compound. The values for § measured experimentally (85 & 3° and 95 + 3°) are close to those predicted by the calculations.

experiments: at higher temperatures when kinetic
trapping is reduced only regular DBA hexagons remain
on the surface (Figure S11). Stability of irregular hexa-
gons can be improved by coadsorption of suitable
guest. Indeed, we have recently reported a highly
ordered three-component assembly that contains
both Cs- and Cs-symmetric DBA hexagons.*®

Modeling self-assembly of heterodimers composed
of two different DBAs (DBA-OCnyqq + DBA-OCn.yen)
showed another manifestation of the odd—even ef-
fect. Depending on the parity of the longer alkoxy
chains two structurally different thermodynamic mini-
ma are predicted (Figure 11).

If Nodd > Nevens the energy of intermolecular inter-
actions of the heterodimer is lower than the average
of intermolecular binding energies of the homo-
dimers built from its components. Unlike monocom-
ponent assemblies (Figure 8d), maximization of

GHIJSENS ET AL.

the overall stability of these heteroassemblies is
achieved with some compromises: a mismatched
interdigitation of the alkyl chains, and ineffective
packing with a gap between some of the methyl
groups of DBA-OCngyen, and DBA cores of DBA-
OCn,qq (Figure 11). These factors render mixing such
DBAs thermodynamically unfavorable thus explain-
ing phase separation observed experimentally
(Figure 2a,b). The observed preferential adsorption
of the smaller DBA-OCng,en, OVer the adsorption of
DBA-OCngqq can be attributed to the synergy of
both kinetic and thermodynamic factors. Namely,
being smaller, DBA-OCngyen has a lower reorganiza-
tion barrier than corresponding DBA-OCngyq44. There-
fore, DBA-OCngyen domains are expected to grow
faster. Furthermore, DBA-OChngyen, domains have a
higher surface density than DBA-OCnyqq domains,
that is, a larger number of interactions per surface
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area, and therefore, DBA-OCngye, are thermodyna-
mically more stable.

The occasional inclusion of DBA-OCngye, into the
network of larger DBA-OCnqq4q happens (Figure 6b and
the related part in Results) because it does not alter the
structure of the latter (isomorphic substitution). Ob-
viously, the opposite, that is, inclusion of the larger
DBA-0OCn,q4q into the domains of pure DBA-OCngyen,
causes significant lattice distortion because of steric
constraints and is highly unfavorable. Similar to mono-
component DBA self-assembly, all non-Cg-symmetric
hexagons observed in these mixtures are kinetically
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Figure 10. Asymmetric interactions responsible for the
odd—even effect in DBA assemblies and relationship be-
tween the parity of the alkyl chains, molecular and supra-
molecular chiralities. Optimization of different interactions
leads to the formation of only two thermodynamic minima
for each DBA homoassembly: R(+) and S(—) for DBA-OCn,.
ven @and R(—) and S(+) for DBA-OCn,q44. Dark-red and orange
arrows show the directions of the methyl groups in homo-
assemblies of DBA-OCnye,, and DBA-OCn,qq, respectively.
Blue and red triangles represent the orientation of the DBA
cores and denote molecular chirality.
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trapped formations which disappear at higher tem-
perature (Supporting Information, section S8).

If Nodd < Neven, the energy of intermolecular interac-
tions of the heterodimer is higher than the average of
intermolecular binding energies of the homodimers
built from its components (Figure 11), thus, leading
to a favorable mixing of both DBAs. For these mix-
tures, unlike the case of the phase separating
combinations discussed above, molecular modeling
predicts matched interdigitation of the alkyl chains
(Figure 11) as well as additional van der Waals
interactions (Figure 12e).

Self-assembly formed at room temperature is a two-
dimensional short-range disordered molecular crystal-
line network,*~>" because in addition to bimodal
interdigitation (“+” and “—") and two-component
coassembly (DBA-OCn,qq and DBA-OCngy.n), molec-
ular chirality of each DBA also varies. Overcoming
kinetic barriers at higher temperatures results in the
formation of a new highly ordered polymorph com-
posed of DBA-OCng.en Cs-hexamers connected via
DBA-0OCn,q4q4 (Figure 12a) to maximize the intermole-
cular interaction (Figure 12e). It is different from the
recently reported DBA self-assembly stabilized via
host—guest interactions®® and represents a unique
level of complexity in that not only composition and
spatial order, but also molecular and supramolecular
chirality, of the components are well-defined. Formed
even in the excess of DBA-OCnyqq this structure
represents the thermodynamically stable polymorph
composed of both DBAs.

CONCLUSIONS

In conclusion, we have investigated the un-
usual phase behavior of alkylated molecules that self-
assemble into a nanoporous phase. The system shows

mixing

:‘(-:»&f(

even

15:16

14

14:15

Figure 11. Behavior of bicomponent DBA mixtures (DBA-OCngyqq + DBA-OCn,,.,) leading to the phase separation (left) or
mixing (right) due to unfavorable or favorable stabilization energy (AE) of the heterodimers, respectively. AE = Eoqd_even —
0.5(Eodd—_odd + Eeven—_even)s Where Eqqq_even is the interaction energy of the heterodimer (DBA-OCnyqq + DBA-OCngyep), While
Eodd—odd N Eeyen—_even are respective energies of the homodimers (DBA-OCnyqgq + DBA-OCngyqq and DBA-OCngye, + DBA-
OCngyen). Differences in the interaction energies of the mixtures are the result of matched/mismatched interdigitation of alkyl
chains and presence/absence of tight packing featuring additional van der Waals interactions between terminal methyl
groups and DBA cores. Schematically, interactions responsible for favorable/unfavorable mixing of DBAs are marked with
green ticks/red crosses, respectively.
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Figure 12. (a) Supramolecular structure of the highly ordered 2D coassembly formed from DBA-OC11 and DBA-OC12 after
thermal annealing at liquid—solid interface. All DBA molecules have well-defined spatial position, chemical nature (DBA-
OC11 or DBA-OC12), and molecular (R- or S-enantiomer) and supramolecular (“—" or “+”) chirality. This model is in good
agreement with the experimental data. Alternative arrangements (the figures b and d) contradict STM observations and are
expected to be less stable. Thus, the structure shown in (b) has the wrong molecular chirality and inefficient packing (marked
with red arrows), while the structure shown in (d) has the wrong supramolecular chirality and is missing some of the additional
van der Waals contacts (marked with blue arrows) found in the proposed structure of the coassembly (e). For convenience,
additional van der Waals contacts between the end of the alkyl chain and the side of the alkyl chain or the ends of the alkyl
chains absent in monocomponent DBA assemblies (c) are marked with green and blue arrows in the figures (d) and (e).

a high level of complexity exhibiting all possible mixing
phenomena: phase separation, preferential adsorp-
tion, perfect mixing, and cocrystallization. Also, in the
course of this study we have found the first example of
an odd—even effect in 2D porous networks and re-
vealed the origins of molecular chirality in DBA assem-
blies. The methodology and analysis presented in this
work can be easily adapted for the investigation of

MATERIALS AND METHODS

The stock solutions of the achiral DBA derivatives were
prepared in 1-phenyloctane (Sigma-Aldrich; 5.0 x 107* M).
These pure solutions were then diluted. The mixed solutions
were prepared by mixing together the two compounds at high
concentration (~107* M) in a 1:1 molar ratio and subsequently
diluting the sample overall concentration. All samples were
subsequently drop-casted (12 uL) onto the basal (0001) plane of
freshly cleaved highly oriented pyrolytic graphite (HOPG, grade
ZYB, Advanced Ceramics Inc., Cleveland, OH, U.S.A.). Within 2 h,
visualization of the spontaneously formed surface-supported
molecular networks was realized using scanning tunneling
microscopy (STM - PicoSPM (Agilent)) in constant current mode
at the liquid/solid interface. All STM images were acquired at
room temperature (20—23 °C), unless stated otherwise. The tips
were mechanically cut from Pt/Ir (80/20, & 0.25 mm) wire.
Several samples were investigated, and for each sample, several
locations were probed. Analysis was performed after drift
correction by using SPIP software (Image Metrology A/S) or
WSxM.>?

All molecular mechanics calculations were performed with
MM+ force field, as implemented in HyperChem Prof. 7.52.*
Geometries were optimized to rms deviation of the energy
gradient smaller than 0.01 kcal/(mol-A). Supporting DFT calcu-
lations were carried out with Gaussian G09° applying symmetry
constrains (if appropriate) to reduce computational costs.
Further details about computational methods can be found in
the Supporting Information, section S10.
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additional STM images, STM experimental procedures and
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self-assembly of other alkylated building blocks. Also,
understanding the mechanisms leading to different
phase behavior opens interesting practical possibili-
ties. For example, we are currently exploring chiral
induction in mixtures of structurally different compo-
nents. Under conditions of favorable heterointerac-
tions, this will allow to broaden the scope of highly
effective chiral inductors to new systems.
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