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ABSTRACT: Both for fundamental and applied sciences,
the design of complex molecular systems in the crystalline
phase with strict control of order and periodicity at both
microscopic and macroscopic levels is of prime importance
for development of new solid-state materials and devices.
The design and fabrication of complex crystalline systems
as networks of crystals displaying task-specific properties is
a step toward smart materials. Here we report on
isostructural and almost isometric molecular crystals of
different colors, their use for fabrication of core—shell
crystals, and their welding by 3D epitaxial growth into
networks of crystals as single-crystalline entities. Welding
of crystals by self-assembly processes into macroscopic
networks of crystals is a powerful strategy for the design of
hierarchically organized periodic complex architectures
composed of different subdomains displaying targeted
characteristics. Crystal welding may be regarded as a first
step toward the design of new hierarchically organized
complex crystalline systems.

he understanding and design of complex molecular

systems in the crystalline phase with the control of the
short- and long-range orders at the microscopic and macro-
scopic levels is important for both fundamental and applied
sciences. Mastering molecular organization in the condensed
phase is of prime importance for development of new solid-
state materials and devices. Hierarchical interconnection of
single crystals into supercrystals as “networks of crystals”, for
which specific subsections are interconnected with the
continuation of the crystalline order, may be a powerful tool
for generating hierarchically organized crystalline materials.
Although welding of solid metallic materials is well-established,
this process involving phase transition and occurring at high
temperature and/or under pressure, leads to amorphous welded
zones. Avoiding the loss of the ordered and periodic
organization of matter within the welded zones requires the
interconnection of crystals by crystalline phases. Welding
individual crystals by self-assembly processes into macroscopic
networks of crystals as single-crystalline entities is a powerful
strategy for the design of hierarchically organized periodic
complex architectures composed of different subdomains
displaying specific characteristics. Crystal welding, an unex-
plored strategy, opens new directions in the design and
fabrication of hierarchically organized complex matter. This
approach, an example of crystal engineering,' > may be
regarded as a first step toward the design of new complex
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crystalline systems as networks of crystals displaying task-
specific properties.

Here we report on the design of isostructural and almost
isometric molecular crystals of different colors, their use for
fabrication of core—shell crystals, and their welding into
networks of crystals as crystalline entities by 3D epitaxial
growth.

As stated by Dunitz, a molecular crystal may be seen as a
periodic supramolecular entity’ for which the components
interact through reversible intermolecular interactions.” The
molecular tectonics approach®™® is based on the design of
tectons (construction units), their interaction through specific
recognition events, and the repetition of the recognition
processes under self-assembly conditions,” leading to molecular
networks'”'" displaying translational symmetry. For the
molecular tectonics approach, all types of reversible inter-
molecular interactions ranging from weak van der Waals
interactions to strong coordination bonds may be used to
interconnect molecular tectons. Among many possible
attractive interactions, rather weak but directional H bondin
has been widely used for the design of molecular networks."
The strength of H-bonds may be further enhanced by adding
an electrostatic charge—charge component (charge-assisted H
bonding).'”'* We have previously reported the design of H-
bonded networks based on combinations of dicationic organic
tectons of the cyclic bis-amidinium type as H-bond donors with
anionic metal complexes as H-bond acceptor partners.'® Taking
advantage of the isostructural and almost isometric nature of a
series of crystals, we have demonstrated the possibility of
generating “crystals of crystals” or core—shell crystals by 3D
epitaxial growth.m_19 Few other examples of such hierarchical
organization in the crystalline phase have been also
reported.”’ ">

To generate isostructural and isometric crystals, we have
combined the dicationic organic tecton 1** with the anionic
complex anion [ML,]* (M = Mn, Fe, Co, Ni, Cu, and Zn) as
H-bond donor and acceptor, respectively (Figure 1). Tecton
1% offering four acidic NH groups, behaving thus as a tetra H-
bond donor, is based on two amidinium moieties intercon-
nected by a phenyl spacer. The in situ formed metallatecton
[ML,]*", composed of a metal center in the oxidation state II
complexed by two pyridinetricarboxylate ligands (L), should
behave under the condition used as a tetra anionic H-bond
acceptor partner. It is worth noting that the nature of the metal
cation imposes the color of crystals. We have previously shown
that combinations of the same organic tecton 1** with dianionic
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Figure 1. Tecton 1%*, based on two cyclic amidinium moieties
interconnected by a phenyl group as a tetra H-bond donor, trianionic
pyridyl based ligand L, and tetra anionic metallatectons [M-L,]*" as
a hexa H-bond acceptor. (b) Portion of the X-ray structure of 1,-ML,
crystals formed among tectons 1%*, metallatectons [ML,]*” (M = Mn,
Fe, Co, Ni, Cu, and Zn), and water molecules. Except for the O atom
of water molecules (colored green), H, C, N, O, and M atoms are
colored in pink, gray, blue, red, and orange, respectively.

[ML,]*” metallatectons leads to the formation of isostructural
and almost isometric crystals. The latter feature was exploited
for the generation of core—shell crystals.19

Combinations in solution of the dicationic tecton 1** with
anionic metallatecton [ML,]* (M = Mn, Fe, Co, Ni, Cu, and
Zn) led to the formation of crystals displaying different colors
(Figure 2).

Fele S——
oo = 1,Cul,@1,-Fel,  1,-ZnL,@1,-NiL,
- N R i
12-Col, T2-NiL, Cm—— S
ST
S Rl o ——  1,ZnL,@1yFel, 1,-Cul,@1,-Col,
1,-Cul, 1,-ZnL,
a) b)

Figure 2. Photographs of (a) 1,-ML, crystals obtained upon
combining the dicationic tecton 1°* with anionic complexes [ML,
]*~ (M = Mn, Fe, Co, Ni, Cu, and Zn) and (b) core—shell crystals 1,-
M'L,@1,-ML, based on epitaxial growth of 1,-M'L, crystals on 1,-
ML, seed crystals.

Structural investigations by X-ray diffraction on single
crystals revealed that all combinations lead to isostructural
and almost isometric nonporous 1,-ML, single crystals
(monoclinic system, C2/c space group, Z = 4) with a, b, and
¢ cell dimensions in the 17.42—17.70, 20.04—21.15, and 13.70—
13.84 A ranges, respectively, with the f value ranging from
101.7 to 102.7°. In all cases, crystals were composed of the
tecton 1** and the metallatecton [ML,]*” (M = Mn, Fe, Co,
Ni, Cu, and Zn), with a 2/1 tecton/metallatecton ratio for
charge neutrality, and 10 water molecules. Positively and
negatively charged components as well as water molecules are
interconnected through H bonds and electrostatic interactions
leading to a 3D cuboid-type architecture (Figure 3). For a
detailed structural description, see the Supporting Information.

All six isomorphous crystalline materials obtained with
different metal cations M (M = Mn, Fe, Co, Ni, Cu, and Zn)
were also investigated by X-ray diffraction on microcrystalline
powders. The observed diffraction patterns were compared to
the simulated one. All crystalline materials display almost the
same diffraction pattern indicating the presence of analogous
single-phase crystalline powders. Good matches between the
recorded and simulated patterns using single-crystal data were
found for 1,-FeL, (Figure 4). Discrepancies in intensity
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Figure 3. (left) Portion of the X-ray structure of 1,-ML, crystals
formed among tectons 1°*, metallatectons [ML,]*” (M = Mn, Fe, Co,
Ni, Cu, and Zn), and water molecules. Except for the O atom of water
molecules (colored green), H, C, N, O, and M atoms are colored in
pink, gray, blue, red, and orange, respectively. (right) Corresponding
schematized representation of the pseudocubic 3D H-bonded network.
The dashed lines represent the hydrogen bonds, and the brown
polyhedral are representing the [M"L,]*" metallatecton.

observed are due to preferential orientation of crystals within
samples.
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Figure 4. Comparison of PXRD patterns: (a) simulated for 1,-FeL,
and recorded for (b) 1,-FeL,, (c) 1,-MnL,, (d) 1,-CoL,, (e) 1,-NiL,,
(f) 1,-CuL,, and (g) 1-ZnL,. Discrepancies in intensity of peaks are
due to preferential orientation of crystals within samples.

Crystal faces indexation revealed a preferential growth
direction along the z axis, in accordance with the rodlike
shape of the obtained crystals (Figure 2).

As expected and stated above, the color of crystals (Figure
2a) depends on the nature of the metal cation M(II)
composing the [ML,]*" metallatecton (yellowish for Mn,
orange for Fe, light-orange for Co, green for Nij, light-blue for
Cu, and colorless for Zn). Taking advantage of the isostructural
and almost isometric nature, robustness, and differences in
color of 1,-ML, crystals, the fabrication of 1,-M'L,@1,-ML,
“crystals of crystals” or core—shell crystals was achieved by 3D
epitaxial growth processes in solution (Figure 6a). A preformed
1,-ML, seed crystal was immersed into a 9/1 H,0/DMSO
mixture containing the 1-2HCl, L*3Na’, and 0.5 equiv of
M'Cl,. (See the Supporting Information for details.) The
growth process was monitored using a macroscope. The
epitaxial growth leading to the core—shell crystals was
completed within 6—8 h. It is worth noting that the rather
flexible nature both in terms of distance and angle of H-
bonding and electrostatic interactions allows for compensation
for slight mismatches in unit cell parameters between the core
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and shell crystals. The kinetics of growth is face-dependent and,
as for the seed crystals, faster along the z axis.

Four examples of core—shell crystals combining different M
(Fe, Ni, and Co) and M’ (Cu and Zn) metal cations with the
same organic tecton 1> are given in Figure 2b. The
hierarchically generated crystalline entities were investigated
by X-ray diffraction methods, which revealed the continuity of
the crystalline system through 3D epitaxial growth and the
single-crystalline nature of core—shell materials.

Having established the possibility of generating core—shell
crystals of the type 1,-M'L,@1,-ML,, a further step of welding
the crystals was explored. The welding process takes place in
solution at room temperature and without any phase transition
of the used components. Although many welding possibilities
may be envisaged, here we shall focus on homo- and
heterowelding as a proof of this unprecedented crystal welding
concept.

Homowelding consists of cutting a crystal A into two parts.
Both crystals were immobilized with a controlled distance
between them and oriented along the fastest growth direction
(along the z axis, Figure Sb-i). The two separated entities were

.@' XV/ !
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Figure 5. Schematic representation of (a) generation of a core—shell
entity 1,-M'L,@1,-ML, resulting from 3D epitaxial growth of a
crystalline 1,-M'L, phase on a preformed 1-,ML, crystal used as seed.
(b) Welding of two crystals by a crystalline phase, leading to a single
crystal composed of different crystalline zones. Homowelding of two
crystals of A (i) by a crystalline phase A (ii), leading to a AAA welded
crystal, and heterowelding of two crystals A (a) by a crystalline phase B
(iii), leading to a ABA welded crystal.

1,-ML,@1,-ML,

a)

immersed into a solution containing the same tecton 1** and
metallatecton [ML,]*". The welding process results from
epitaxial growth of a crystalline phase between the two
identically oriented crystals. The welding procedure leads to a
single crystal with the continuation of the crystalline system
(Figure Sb-ii).

For heterowelding, the same procedure was applied. In this
case, the two parts of crystal A were immersed into a solution
containing the organic tecton 1** and a different metallatecton
[M'L,]*". This procedure leads to a single crystal containing
three different crystallographic domains (Figure Sb-iii).

Because preformed crystals were used as seed entities, an
unsaturated welding solution was used to minimize nucleation
and thus the growth of nonwelded single crystals. As stated
above, the formation of rodlike crystals results from faster
growth kinetics along the z axis. This was used for the design of
welding experiments. Rod-type preformed 1,-ML, (M = Fe or
Co) crystals were cut into two pieces (Figure 6a,d,g). In a Petri
dish, both crystals were positioned with the same orientation
along the z axis with 45—255 um distance between them
(Figure 6b,eh). At room temperature, they were covered with a
drop of a 9/1 mixture of H,O/DMSO containing the tecton 1-
2HCl and (L7, 3Na*). The welding process was initiated upon
addition of a drop of a 9/1 mixture of H,O/DMSO containing
0.5 equiv of M'Cl, (M’ = Fe, Cu, or Ni) to the volume

Figure 6. (a)Welding of 1,-FeL, rodlike crystal, (b) its cutting leading
to two crystals, and (c) their welding by 1,-FeL, into a single crystal.
(e) 1,-FeL, rodlike crystal, (f) its cutting leading to two crystals, and
(g) their welding by 1,-ZnL, into a single crystal. (h) 1,CoL, rodlike
crystal, (i) its cutting leading to two crystals, and (j) their welding by
1,-NiL, into a single crystal. All welded crystal were isolated and
washed with distilled water.

containing the two crystals and the solution of 1>* and L*". The
Petri dish was sealed, and the welding process monitored by a
macroscope (Figure 6¢,f,i). The speed of welding, as expected,
was found to depend on the size of crystals and the distance
between them. The welding was completed within 3 h in the
case of homowelding (Figure 6¢) of 1,-FeL, crystals by 1,-FeL,
(distance between crystals of 45 ym), 8 h for heterowelding of
1,-FeL, crystals by 1,-ZnL, (Figure 6f, distance between
crystals of 110 ym), and 48 h for heterowelding of 1,-CoL,
crystals by 1,-NiL, (Figure 6i, distance between crystals of 255
um). This corresponds to growth speed of ca. 15, 13, and $
um/h for (Fe—Fe—Fe), (Fe—Zn—Fe), and (Co—Ni—Co)
cases, respectively. Depending on the size of crystals and the
concentration of welding phases controlling the welding
kinetics, the welded zone might contain some defects. For an
example, see the recorded video for welding of 1,-FeL, crystals
by 1,-ZnL, (Supporting Information).

All welded crystals reported were investigated by X-ray
diffraction on single crystals. To structurally investigate the
crystalline nature of the welded section, welded crystals were
mounted on a goniometer, and the X-ray beam was
alternatively focused on one of the two preformed crystal
sections and on the welded zone. For each focusing procedure,
frames were acquired and compared (Supporting Information).
The unit cells parameters for both zones were determined and
compared. In all three cases reported, they were found to be
close to those determined for the pure phase.

It is worth mentioning that in nonconfined space 3D
epitaxial growth takes place in all three directions of space.
Thus, the welding process must also lead to core—shell type
growth as discussed above. This was indeed observed because
the welding process takes place only between two crystallo-
graphic faces arranged parallel to each other but also on the
other faces of the oriented seed crystals (Figure 6).

It has been demonstrated that isostructural and almost
isometric molecular crystals may be welded in solution by a 3D
epitaxial growth process into a single-crystalline entity with the
continuation of the crystalline order between the two welded
crystals. The welding process may be of either homo (welding
of two identical crystals by the same crystalline phase) or hetero
(welding of two identical crystals by a different crystalline
phase) nature. The formation of this type of entities validates
the concept of welding molecular crystal by epitaxial growth
leading to one single-crystal entity with different crystalline
domains possessing each their own properties (color, magnetic,
optical, porosity, etc.). The strate%y presented here is a perfect
example of crystal engineering.'~ It allows for mastering the
organization of matter through hierarchical construction of
macroscopic architectures and thus may be regarded as a first
step toward the design of networks of crystals. This type of
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hierarchical construction of periodic entities could open the
way to the design of complex crystalline systems composed of
different crystalline domains displaying task specific optical or
magnetic properties. Further research along these lines are
currently under investigation.
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