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Abstract

Vectored non-covalent interactions—mainly hydrogen bonding and aromatic interactions—extensively contribute to (bio)-
organic self-assembling processes and significantly impact the physicochemical properties of the associated superstructures.
However, vectored non-covalent interaction-driven assembly occurs mainly along one-dimensional (1D) or three-dimensional
(3D) directions, and a two-dimensional (2D) orientation, especially that of multilayered, graphene-like assembly, has been
reported less. In this present research, by introducing amino, hydroxyl, and phenyl moieties to the triazine skeleton, supramolec-
ular layered assembly is achieved by vectored non-covalent interactions. The planar hydrogen bonding network results in
high stability, with a thermal sustainability of up to about 330 °C and a Young’s modulus of up to about 40 GPa. Upon
introducing wrinkles by biased hydrogen bonding or aromatic interactions to disturb the planar organization, the stability
attenuates. However, the intertwined aromatic interactions prompt a red edge excitation shift effect inside the assemblies,
inducing broad-spectrum fluorescence covering nearly the entire visible light region (400-650 nm). We show that bionic,
superhydrophobic, pillar-like arrays with contact angles of up to about 170° can be engineered by aromatic interactions using
a physical vapor deposition approach, which cannot be realized through hydrogen bonding. Our findings show the feasibility
of 2D assembly with engineerable properties by modulating vectored non-covalent interactions.
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Introduction

Self-assembly, driven by non-covalent interactions, is ubiqui-
tous in (bio)-organic supramolecular systems [1—4]. In con-
trast to directionless non-covalent interactions of arbitrary
orientations (such as non-specific van der Waals interac-
tions and hydrophobic interactions), vectored non-covalent
interactions with explicit directions, including hydrogen
bonding and aromatic interactions (Scheme 1), can dictate
self-assembly directions, thereby determining the properties
of the supramolecular structures [5-8].

Peptide-based self-assembly is a prominent example of
self-association mediated by hydrogen bonding [9-11]. Dur-
ing the self-assembly process, hydrogen bonding interactions
drive the peptide molecules to cluster into diverse sec-
ondary structures (B-sheets, a-helices, etc.) and then coalesce
into superstructures [12—14]. A well-known self-assembly
case driven by aromatic interactions is that of aggregation-
induced emission systems (such as tetraphenyl ethylene self-
assemblies) [15, 16], in which the conformational restriction
created by the aromatic network endows the assemblies with
remarkable photoluminescence [17]. Recently, researchers
have increasingly demonstrated that the coupling of two
vectored non-covalent interactions, for example in aromatic
short peptides [3, 6, 18-20] and organic small molecule semi-
conductors [21, 22], can result in intricate assemblies with
enhanced optical, electronic, or mechanical properties [5,
23]. However, it should be noted that most vectored non-
covalent interaction-assembled networks are in the 1D or
3D directions, while 2D (layered)-oriented organization has
been reported less [24-26]. Correspondingly, the effect of
vectored non-covalent interactions on 2D organization prop-
erties, along with the engineering of layered assemblies, is
yet to be examined.

We designed heterocyclic triazine-based building blocks,
including melamine (M), cyanuric acid (C), and triphenyl-
triazine (TPTA), which have triazine backbones modified
with amino, hydroxyl, and phenyl moieties, respectively
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(Figs. la-i, 1b-i, and 1d-i), to utilize vectored non-covalent
interactions for 2D assembly, and in particular, to study the
effects of vectored non-covalent interactions on the proper-
ties of the layered superstructures.

Materials and methods
Materials

Melamine (M), cyanuric acid (C), and triphenyl-triazine
(TPTA) were purchased from Sigma Aldrich (Rehovot,
Israel). All the materials were used as received without fur-
ther purification. Water was processed using a Millipore®
purification system (Darmstadt, Germany) with a minimum
resistivity of 18.2 MQ-cm.

Crystal preparation
The sample powders were dissolved in water to a con-
centration of 10.0 mM. The solutions were then incubated

(a) (b)
H atom

"’\o

Edge-to-Face Parallel-Displaced
Scheme 1 Schematic representation of vectored non-covalent inter-
actions mediating self-assembling systems. a Hydrogen bonding.
b Two types of commonly found aromatic interactions: edge-to-face
(T-shaped) and parallel-displaced (face-to-face). A and D designate
acceptor and donor atoms, respectively, which synergistically induce
dipole moments and the directions of the interactions. o represents
the non-covalent bond angle. For hydrogen bonding, the bond strength
attenuates with « deviating from 180°. For m-7 interactions, « can take
several optimal values—for example, in the edge-to-face and parallel-
displaced motifs shown
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Fig. 1 Crystallographic characterization of the vectored non-covalent
interaction-driven assemblies.a M, b C,¢c M + C, d TPTA. (i) Molecu-
lar structures. (ii) SEM images, (iii) and (iv) crystallographic structures
viewed in the plane or from the side. The carbon, oxygen, nitrogen, and
hydrogen atoms are shown as gray, red, blue, and white balls. Cova-
lent bonds are shown as yellow sticks. The dotted lines in (iii) and (iv)

in a 90 °C water bath for 10 min, followed by filtration
using 0.45 pm polyvinylidene fluoride (PVDF) membranes
(Merck Millipore, Carrigtwohill, Ireland). Subsequently,
crystals appeared and reached their maximum sizes within
30 days. The solutions were centrifuged, and the crystals
were collected for later use.

Scanning electron microscopy (SEM)

The solution containing the crystals was placed onto a clean
glass slide, allowed to adsorb for a few seconds, and excess

represent the hydrogen bonds. The colors distinguish different groups,
with the bond length and bond angle values labeled in the corresponding
locations. Interlayer separations driven by aromatic interactions in the
direction normal to the layers (and for M, also hydrogen bonding) are
marked in black in (iv) and (iii) in (d)

liquid was removed using a filter paper. The slide was then
coated with Cr and observed under a JSM-6700 field emis-
sion scanning electron microscope (JEOL, Tokyo, Japan)
operated at 10 kV.

Thermal gravimetric analysis (TGA)

TGA experiments were performed using a TA Instruments
(USA) module, SDT 2950, in a temperature range between
25 and 500 °C at a heating rate of 10 °C/min under a dry,
ultrahigh-purity, argon atmosphere.

@ Springer



532

Bio-Design and Manufacturing (2022) 5:529-539

Theoretical calculations

Electromechanical properties were predicted from peri-
odic density functional theory (DFT) [27] calculations
using the Vienna Ab-initio Simulation Package (VASP)
[28] code. Electronic structures were calculated using
the Perdew—Burke—Ernzerhof (PBE) functional [29] with
Grimme-D3 dispersion corrections [30] and projector aug-
mented wave (PAW) pseudopotentials [31]. The crystal
structure was relaxed using a plane wave cutoff of 600 eV
with a4 x 4 x 4 k-point grid. A finite difference method was
used to calculate the stiffness tensor of the optimized crystal,
with each atom being displaced in each direction by £0.01 A
(1 A =10719m). Piezoelectric strain constants and dielectric
tensors were calculated by density functional perturbation
theory (DFPT) [32], using a plane wave cutoff of 1000 eV
and a k-point sampling of 2 x 2 x 2. Young’s moduli were
derived from the stiffness and its inverse compliance matrix
components using the Voigt—Reuss—Hill method [33, 34].
Crystal structures were visualized using VESTA [35].

Young’s modulus measurement

Atomic force microscopy (AFM) experiments were car-
ried out using a commercial atomic force microscope (JPK,
Nanowizard IV, Berlin, Germany). The Young’s modulus
and point stiffness were detected using the QI mode (con-
ditions—pixels: 126 x 126; Z length: 0.3 wm; extend and
retract speed: 30 wm/s; Z resolution: 80,000 Hz). The force
curves were obtained using commercial software from JPK
and analyzed with JPK Data Processing (version 7.0.97).
All the experiments were performed with RTESPA-525 can-
tilevers (Bruker, USA, tip radius: about 8 nm, spring constant:
200 N/m) in air at room temperature and the maximum load-
ing force was set as 800 nN. In a typical experiment, the
crystals were cast on the surface of a glass substrate, and
the cantilever extended to the crystal at a constant speed of
30 wm/s. The cantilever was held on the crystal surface at a
constant force of 800 pN. Then, the cantilever retracted and
moved to another spot for the next cycle. The force—displace-
ment curves were recorded, and the Young’s modulus of the
crystals could be calculated by fitting the extending curve
with the Hertz model:

4 E 3
F = 5—\/55 R, 1)

(1=

in which F corresponds to the force, § corresponds to the
depth of the crystal pressed by the cantilever tip, R corre-
sponds to the radius of the tip, E is the Young’s modulus of
the crystals, and v is the Poisson ratio (v = 0.3) [36, 37].
Each approaching force—deformation curve was fitted in
a range of 15 nm from the contact point, or from the maxi-
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Scheme 2 Schematic representation of the physical vapor deposition
(PVD) system used for vectored non-covalent interaction assembly:
(1) vacuum chamber, (2) vacuum control system, (3) vacuum turbo-
molecular pump system, (4) vacuum gauge, (5) heating control system
for sample powder holder, (6) substrate holder, (7) raw sample powder
holder. To ensure the formation of the micro-structured arraying con-
formations, the distance between (6) and (7) was critical and was set at
1.5cm

mum indentation depth to the contact point if the former was
less than 15 nm. The point stiffness of the crystals was deter-
mined as the normal force divided by the deformation of the
sample and calculated from the force- displacement curves
after deducting the deformation of the cantilever. Typically,
5-8 such regions were randomly selected on each crystal
to construct an elasticity histogram. Three cantilevers of the
same type were used in the experiments to exclude tip-to-tip
dependency.

Fluorescent microscopy characterization

The crystal samples were cast onto clean glass slides, and flu-
orescent microscopy measurements were taken using a Nikon
Eclipse Ti Inverted Microscope (Nikon Instruments, Tokyo,
Japan) under different filters and at ambient temperature.

Physical vapor deposition (PVD)

In Scheme 2, we present the PVD system setup which was
designed to assemble the vectored non-covalent interac-
tions by thermal evaporation. The deposition procedure was
conducted in a vacuum chamber (1), which contained the
following elements: a vacuum control system (2), a turbo-
molecular pump (3), a vacuum gauge (4), and a heating
control system for the sample powder holder (5). The vacuum
turbo-molecular pump system is able to decrease the vacuum
pressure of the chamber to less than 5.0 x 1076 mbar. The
substrate holder (6) was located above the precursor sam-
ple powder holder (7). The distance between (6) and (7) was
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Table 1 Deposition temperature routine used for physical vapor depo-
sition (PVD)

Temperature region (°C) Duration time (min)

RT-60 10
60-160 10
160-220 20
220 15

critical to the formation of the array structures and was set to
1.5 cmin our experiment. The deposition temperature routine
is shown in Table 1.

Results and discussion

Scanning electron microscopy (SEM) experiments revealed
that M and C self-assembled into platelike crystals (Figs. 1a-
ii and 1b-ii). Crystallographic characterization demonstrated
that the crystals were parallel-stacked, layer-by-layer crystals
(Figs. la-iii, 1b-iii, and 1b-iv). Specifically, in the M case, the
building blocks were planarly connected and formed layered
structures through donor-Hacceptor, Namino-H **Niriazine
hydrogen bonds with three distinct contact types identified
with distances and angles of: 1.97 A and 176°, 2.07 A and
175°, 2.04 A and 168° (Fig. la-iii). These are similar but
not precisely the same, reflecting the slight tilting of the
molecules to optimize simultaneously in-plane and inter-
plane hydrogen bonding. In the interlayer direction, the layers
were connected by the hydrogen bonding of 2.04 A and 168°,
the weakest H bond with the smallest bond angle among
the three H bonds, which, together with interlayer aromatic
stacking, creates an interval distance of 3.33 A between adja-
cent layers (Fig. l1a-iv). Since only two amino groups in each
M molecule contributed to the formation of the hydrogen
bonding, with the other one left free (Fig. 1a-iii), the uneven
hydrogen bonding distributions resulted in non-parallel lay-
ers and the formation of wrinkles (Fig.la-iv). In the case
of C, the water molecules extensively contributed to organi-
zation (Fig. 1b-iii). Previous studies have revealed that the
participation of solvent molecules can significantly affect the
structures and the properties of the assemblies [36, 38, 39].
Upon crystallization and the solvent molecules driving, the C
molecule transformed to its tautomer by exchanging the loca-
tions of the hydrogen atoms (Fig. 1b-iii, inset), thus creating
an extensive hydrogen bonding network. Specifically, except
for two instances of hydrogen bonding of 1.82 A and 180°
(N¢"H-O¢) formed directly by two C molecules (Fig. 1b-
iii), other sites on C formed three pairs of hydrogen bonding
with water molecules: 1.90 A and 164° (Nc—H " Owater),
1.99 A and 154° (Oyaer—H "O¢), and 2.13 A and 164°
(Owater—H " Oc). In contrast to the case of M, because all the

oxygen and nitrogen atoms in each C molecule participated
in the formation of hydrogen bonding, the distribution uni-
formity of the hydrogen bonding resulted in layer-by-layer
planar organization with an interlayer distance of only 3.05 A,
smaller than that of the case of M (Fig. 1b-iv). Notably, the
interlayer distance here for C, unlike for M, was motivated
purely by aromatic interactions between the wrinkle-free lay-
ers.

It is well established that M and C can co-assemble
by complementary base-pairing-like hydrogen bonding
[40]. However, these complementary, vectored non-covalent
bonds can be separated into two groups—one group com-
posed of straight hydrogen bonding with a bond angle of
nearly 180° along the b direction (a pair of Nyy—H O inter-
actions of 2.08 A and 178° and a N¢—H Ny of 1.93 A and
179°) and the other one comprising relatively curved bonds
with bond angles of about 175° (three types of hydrogen
bonding of Npy—HO¢ of 2.10 A and 175°, No—HNy; of
2.01 Aand 175°, Npjy—H O 0f 2.06 A and 173°) (Fig. 1 c-iii,
upper panel). Logically, the bond angle deviation between the
two groups of hydrogen bonding induced a slight fluctuation
of the uniformity, thus resulting in a small wrinkle of 1° of
the organized layers (Fig. 1c-iii, lower panel). Notably, this
structural perturbation could disturb the interlayer interac-
tions, thus inducing layer-by-layer stacking with an interval
distance of 3.51 A (Fig. Ic-iv), which is larger than that of
C alone.

It should be mentioned that the interlayer distances of the
vectored non-covalent interaction-driven assemblies resem-
ble those of graphite (about 3.4 10\) [41]. In particular, the
exact distance could be finely tuned by reasonably control-
ling the organization of the vectored non-covalent interac-
tions. Therefore, the crystallographic characterizations not

1.0
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=
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=
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024 —m
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Temperature (°C)

Fig. 2 Thermal gravimetric analysis (TGA) curves of the vectored non-
covalent interaction-driven assemblies
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only confirmed the influence of the solvent molecules on
self-assemblies but exemplified the feasibility of designing
supramolecular “graphene-like” constructions with engi-
neerable properties.

In contrast to the above systems, no hydrogen bonding
was identified in the case of TPTA. Instead, edge-to-face
(or T-type) m—m stacking dominated in the organization
(Scheme 1b), with a dihedral angle of 51° between the inter-
acting phenyl rings and a nearest interatomic distance of
371 A (Fig. 1d-iii). In the interlayer direction, the adjacent
phenyl rings formed parallel-displaced interactions with a
separation of 3.84 A (Fig. 1d-iv). This value is significantly
larger than those in the other, straight-layered systems, with
the tilted T-type aromatic interactions stretching to fill the
distances between the layers and creating an intertwining,
severely wrinkled assembly.

The different driving force networks and organization
conformations imply distinct stabilities of the layered assem-
blies [37, 42]. At the macroscopic level, thermal gravimetric
analysis (TGA) characterizations demonstrate that the C
crystals showed the highest thermo-sustainability with a
degradation point at 328 °C, followed by M + C (323 °C),
TPTA (297 °C), and M (279 °C) (Fig. 2). We postulated
that, together with the crystallographic characterizations, the
homogeneous organization of lateral interactions coupled
with short interlayer separation generate more robust assem-
blies [43]. According to this hypothesis, the evenly planar
conformation conferred C and M + C superstructures a high
thermal stability of>300 °C. Once the uniformity was dis-
turbed, such as by biasing hydrogen bonding in the case of
M or inducing herring bone-like aromatic stacking in the
TPTA case, the wrinkles in the layers reduced the order
of the structures, resulting in compromised thermal stability
with a degradation <300 °C. Compared to the extensive inter-
twining of aromatic interactions inside the TPTA system, M
showed a mixture of intralayer and interlayer hydrogen bond-
ing (Figs. la and 1d), which produced rough layers and the
lowest thermo-sustainability.

The diverse thermo-sustainability also suggests divergent
mechanical properties in the self-assemblies [37, 42, 44].
Therefore, the elastic moduli of the crystals were predicted by
DFT calculations (Figs. S1 and S2 in Supplementary Infor-
mation). For single crystals, mechanical strength increases
with improved alignment of the molecules [45]. Table 2
shows that the most thermostable C assembly displayed the
highest axial strength (co» = 135 GPa) and a large Young’s
modulus value (28 GPa), consistent with the crystallographic
analysis and TGA experiments. Compared to the C crystals,
the M and TPTA assemblies showed a remarkably lower
elastic anisotropy, along with smaller Young’s modulus val-
ues of 26 and 14 GPa, respectively (Table 2). Specifically, in
the M case, the wrinkled layers contributed to a cyax of ¢22
= 60 GPa, and a “zigzag” orientation of the molecules across
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the ab plane contributed to the highest shear stiffness among
the four assemblies (cmin = 9 GPa) (Fig. S1b in Supplemen-
tary Information). In the TPTA assembly, the highest axial
strength was across the ac plane, with predicted values of
c11 = 24 GPa and ¢33 = 25 GPa (Fig. S2a in Supplementary
Information).

By contrast, the M + C co-crystals demonstrated the high-
est predicted Young’s modulus of 37 GPa (Table 2). Similarly
to the C crystals, the mechanical strength of the co-crystals
reflects the closely stacked even planes (Figs. 1b-iv, 1c-iv
and Fig. S2d online in Supplementary Information) [46].
However, the 32% enhancement in mechanical stability rel-
ative to that of the C crystals can be attributed to the lack
of solvent molecules within the co-crystals, thus avoiding
the weaker hydrogen bonding with smaller bond angles that
occurred in the C assemblies (bond angles ranging from 154°
to 164°). The highest axial strength was due to the very dense
supramolecular packing along the b axis (Fig. 1c-iv and Fig.
S2e in Supplementary Information), resulting in a predicted
cy2 value of 86 GPa.

Thus, when the 2D layers are near-parallel to a crystallo-
graphic axis, as is the case for the C and M + C assemblies,
a low stiffness is observed perpendicular to the layers [46,
47]. Applying a force along the a axis may easily push these
layers together, as is reflected in a c¢11 value of 14 GPa for the
C crystals. Particularly, the resulting predicted c33 value of 6
GPafor M + C co-crystals is, to the best of our knowledge, the
smallest predicted longitudinal stiffness for a (bio)-organic
crystal reported to date.

To test the DFT predictions, we applied nano-indentation
through AFM to measure the micromechanical properties of
the crystals (Figs. S3 and S4 in Supplementary Information)
[37]. Specifically, the Young’s moduli of the C and M +
C crystals were 34.3 £5.4 GPa and 33.9 +5.9 GPa, respec-
tively, which led to a point stiffness of 343.7 +66.8 N/m and
428.54+59.8 N/m (Fig. 3), thus verifying strong supramolec-
ular packing in the assemblies [14] and confirming the
DFT predictions (Table 2). The measured Young’s moduli
along the thickness direction of the M and TPTA staggered
crystals were 24.9+2.6 GPa and 12.1+3.2 GPa, respec-
tively (Fig. 3). The weaker elasticity indicated lower point
stiffnesses for these assemblies—of 204.1 +24.1 N/m and
142.8 +21.2 N/m for M and TPTA, respectively. The agree-
ment between the nano-indentation measurements and DFT
calculations supports our hypothesis that we can “dial in”
desired physical properties in 2D assemblies by logically
modulating the vectored non-covalent driving forces.

In addition to directing the mechanical properties of the
assemblies, layered stacking may also regulate the degree
of freedom in the interlayer direction. Therefore, the opti-
cal properties of the assemblies were further investigated.
Fluorescent microscopy characterizations demonstrated that
all four crystals showed fluorescence in the blue—green light
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Table 2 Computed elastic constants of the M, C, M + C, and TPTA
crystals

Elastic stiffness constant M C M+C TPTA
c11 42 14 51 24

) 60 135 86 19

€33 30 76 6 25
ca4 9 11 5 -2

css 18 11 16 7

c66 14 2 9 1
Young’s modulus 26 28 37 14

All values are in GPa. ¢y, ¢22, and ¢33 are the longitudinal stiffness
constants, while the shear stiffness constants are c44, ¢s5, and cgg

region (400-550 nm; Figs. 4a—4d) due to the aggregation-
induced quantum confinement effect at the non-covalent
interfaces [11, 19, 48]. However, in the longer wavelength
region (>550 nm), such as in the cyanine 3 (CY3)-filter range
(590-650 nm), only TPTA crystals showed strong fluores-
cence with a discernibly emissive contour of the crystals
(Fig. 4e-iv)—a characteristic feature of the red edge exci-
tation shift (REES) phenomenon [40]. In contrast, the other
three crystals presented negligible photoluminescence in the
long wavelength region, with only some bright dots in the
images (Figs. 4e-i—4e-iii).

The REES phenomenon arises from the fact that the
conformational relaxation time is less than that required for
fluorescence lifetime, thus giving the assemblies diverse
colors of emission under different excitations [49]. We
suggest that in our system, during the relaxation of highly
restricted surrounding molecules with respect to the excited
triazine fluorophores, various intermediate states (I state)
between the initial excited state (Franck—Condon state, FC

FC state

Relaxation time

Scheme 3 Schematic representation showing the REES phenomenon
induced by the vectored non-covalent interactions. Upper panel: aro-
matic interactions; lower panel: hydrogen bonding. The “/” state refers
to one of the intermediate states between the initial excited state (FC
state) and the final relaxed state (R state). vo, v;, and vg represent the
frequencies corresponding to the FC, I, and R states, respectively (v
>v; >vg), while A¢ and Ag denote the maximal emission wavelengths
associated with these states

state) and the final relaxed state (R state) were formed to
minimize the interaction energy, thus resulting in the REES
phenomenon (Scheme 3) [38]. In the case of TPTA, the
extensively intertwined phenyl rings strongly restricted the

Fig. 3 Measured mechanical 500
properties of the vectored 40 1 /| Young's modulus
non-covalent interaction-driven E Point stiffness L
self-assemblies =
[y L
K, 400
O 30- I E
0 z
= 1 -300 o
z g
o 201 I c
£ £
. 200 =
g I £
S 10- iy ()
o 7 - o.
> 7 0
M Cc M+C TPTA
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(a)

DIC

(b)

Dapi

(c)

CFP

(d)

GFP

(e)

CY3

100 pm

Fig. 4 Fluorescent microscopy images of the vectored non-covalent
interaction-driven self-assemblies. From left to right: M, C, M +
C, TPTA. a DIC: differential interference contract mode; b Dapi:
4’ 6-diamidino-2-phenylindole filter (Excitation (Ex): 340-380 nm,

potential motions of the molecules, thus prolonging the
relaxation time and giving the assemblies a broad-spectrum
emission covering nearly the entire visible light region
(Scheme 3, upper panel). However, in the other three
systems, the planar organization allowed the molecules to
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Emission (Em): 435-485 nm); ¢ CFP: cyan fluorescent protein filter
(Ex: 420-445 nm, Em: 460-510 nm); d GFP: green fluorescent protein
filer (Ex: 455-485 nm, Em: 500-545 nm); e CY3: (Ex: 528-553 nm,
Em: 590-650 nm)

move along the interplane direction with higher degrees of
freedom. This could have shortened the relaxation time and
attenuated the number of electron transitions and so lowered
emission intensities, which finally resulted in an attenuated
REES effect (Scheme 3, lower panel).
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(@)

(d)

Fig.5 Micro-structured arrays of TPTA assemblies created via thermal
evaporation. a Photograph of the arraying film after the PVD procedure.
The inset shows the photographed superhydrophobic 166° contact angle
of a water droplet on the film. b SEM images of the arrays. Top panel:
vertical view, bottom panel: lateral view. ¢ High-magnification SEM

Besides the REES effect, the increased mechanical soft-
ness of the intertwined conformation suggests that the
aromatic interaction networks can be, to a large extent, engi-
neered [50]. For this purpose, a physical vapor deposition
(PVD) strategy was used to trigger the assembly of the vec-
tored non-covalent interactions and to simultaneously align
organization for large-scale fabrication [51]. Figure 5a shows
that upon the thermal evaporation of TPTA (for experimen-
tal details, see Experimental Section), a white organic film
was deposited on the glass substrate. By contrast, no apparent
change was observed in the hydrogen bonding-mediated M,
C, and M + C assembling systems. This demonstrates that
compared to even layer-by-layer stacking driven by straight,
in-plane hydrogen bonding, the intertwining of herring bone-
like aromatic interactions is more readily organized under
thermal evaporation conditions [52]. SEM characterization
confirmed the longitudinally grown crystals inside the film
(Figs. 5b and 5c). Lateral SEM imaging showed pillar-like
array conformations (Fig. 5b, lower panel). According to
the Young equation (&(ygs — ¥i5) = ygicosf’), the pillar-
arraying structures significantly increased the roughness ()
of the substrate, producing a superhydrophobic film with a
measured contact angle of 166.4°£4.6° (inset of Fig. 5a),
similar to the lotus, leaflike microstructures (Fig. 5d) [53].
The results demonstrate that bionic, micro-structured arrays
can be engineered through the thermal evaporation-induced
assembly of aromatic interactions. Particularly, it should
be noted that the PVD approach can avoid the use of sol-

image of the area marked by the rectangle in Panel (b). d Left panel:
photograph showing the superhydrophobic nature of the lotus leaf (pho-
tograph by J. H. Zhang). Right panel: SEM image of the pillar-like
microstructures at the surface of the lotus leaf

vents, especially that of the organic solvents extensively used
in conventional micro-electromechanical systems [54] and
micro-structured film manufacturing fields [55], thus reduc-
ing contamination and cost.

Conclusions

In conclusion, by introducing amino, hydroxyl, and phenyl
moieties to the triazine skeleton, layered organization was
realized by vectored non-covalent interactions including
hydrogen bonding and aromatic interactions. The planar
uniformity significantly promoted the mechanical stability
and thermal sustainability of the assemblies, compared to
assemblies with wrinkles due to biased hydrogen bonding
or herringbone-like aromatic interactions. The intertwined
nature of the aromatic, interaction-driven assemblies resulted
in an REES effect conferring broad-spectrum emission cov-
ering nearly the entire visible light region. It also allowed easy
alignment upon thermal evaporation. Thus, we were able to
engineer purely organic, optically active, superhydrophobic
arraying architectures. In the long term, diverse modifica-
tion strategies, such as conjugating diverse functional groups
to the triazine skeleton [56], flexible assembly approaches
(co-assembly, crystallization in different solvents), and the
modulation of the heating evaporation parameters (heating
temperature, distance between sample powder holder and
substrate, introduction of external electromagnetic fields,
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etc.), can be utilized to further tune the organization of lay-
ering to fabricate devices with unique mechanical, optical,
or electronic properties based on the vectored non-covalent
interactions.
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