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In this contribution, we present a method to selectively synthesize
crystal polymorphs of [Zn,(bdc),(dabco)], (1) and [Zn,(bdc),(bpy)la
(2), either the pillared 2D square-grid nets (1,,, or 2, or the pillared
2D Kagomé nets (1, or 2,,) by simply changing the crystalli-
zation temperature.

Porous coordination polymers (PCPs) or metal-organic frameworks
(MOFs),! constructed by the self-assembly of metal ions and organic
linkers, have attracted much attention because of their characteristic
porous properties in industrial applications such as selected gas
adsorption,? heterogeneous catalysts,® and chemical sensing.* One of
the great advantages of PCPs is that we can easily tune the size and
properties of the pores by functionalizing organic linkers or by
changing the framework topology. There have been, indeed,
numerous studies to control their properties using these methods.*™
However, the control of the connectivity between metal clusters still
mostly relies on the fruit of serendipity.®

The nucleation process is the most important step to determine the
crystal phase of the system, since the alteration of the conditions often
leads to several different crystal structures for the same initial
chemical system, so-called polymorphism.® Therefore, an under-
standing of the nucleation process of PCPs provides a considerable
insight into the synthetic procedure of PCP materials as they are
obtained as crystalline materials. In this contribution, we aimed to
establish a methodology to systematically control the connectivity
between metal clusters in PCPs by controlling the nucleation process.
We chose the zinc paddle-wheel cluster with benzenedicarboxylate
(bdc) and diazabicyclo[2,2,2]octane (dabco), [Zny(bdc)-(dabco)], (1)
as our object. Our method could be transposed successfully to
a system using a longer pillar, giving the new [Zn,(bdc)(bpy)l,
(2, bpy = 4,4 -bipyridine).

Two polymorphs of [Zn,(bdc),(dabco)], have been reported so far;
one is a tetragonal framework (1,,, Fig. 1(a)),” in which 2D square-
grid sheets constructed by Zn paddle-wheel units and bdc are con-
nected by dabco pillar ligands, the other is a trigonal framework
(1gm, Fig. 1(b))® with 2D Kagomé nets instead as layers (sg/ indicates
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the square-grid motif and kgm the Kagomé motif).f The previous
reports demonstrated the selective syntheses of 1., and 1, by the
templating effect of solvents in solvothermal reactions,® or that of
anions for mechanochemical synthesis.®” Although the templating
agent is efficient enough to decide on the polymorphism, the origin of
the effect is unclear. In this contribution, we aimed to control the
polymorphism without changing the solvent system§ in order to
identify the key factors for a selective synthesis; thereby establishing
a systematic route to synthesize PCPs with a desired topology.

It is reasonable to assume that the crystallization process of PCPs
from solution occurs first with the generation of soluble oligomers via
the coordination interactions,® followed by the increase in size and
concentration of oligomers leading the system to super-saturation.
Once the nucleation has been initiated from this super-saturated
solution, and crystals can grow. Furthermore, if the reaction
temperature is high enough to dissolve the formed crystals, solvent-
mediated transformations lead to the more energetically favourable
phase.”® Therefore, the control over the nucleation process and
solvent-mediated transformations are necessary to determine the
polymorphism.

In the present system, oligomeric species are defined as square
building blocks for 1,, and triangular building blocks for 1xg,,
as described in a previous study.®* To discuss the stability of each
oligomer, the conformation of the paddle-wheel unit in both struc-
tures was carefully examined. As shown in Fig. 1(c), the coordination
geometry around the zinc ions, ie. the structure of the paddle-wheel
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Fig. 1 Crystal structures of (a) 1y, and (b) li,, along c axis,
(c) conformations of a paddle-wheel unit in 14, (blue line) and 1,
(red line), and (d) the deviation of the bdc molecules from the mean plane
of the paddle-wheel unit in 1,4 (blue line) and 14, (red line). Hydrogen
atoms and disordered guest molecules are omitted for clarity.
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unit in 1, and 1y, coincide. In contrast, the deviation of the bdc
molecules from the mean plane of the paddle-wheel unit is signifi-
cantly larger for 1,, (19.41(7)°) compared to that of 1, (13.5(1)°,
Fig. 1(d)). From this steric consideration, the triangular oligomer
would be more stable than the square oligomer in solution, and thus
the concentration of the triangular oligomer would be higher than
that of the square oligomers. This hypothesis allowed us to design
a synthetic experiment that traps the triangular species to form 1,g,
before the nucleation of 1, by just cooling the mixture at the
beginning of the reaction. In contrast, in the crystalline state, 1, is
thermodynamically favoured rather than 1, 1., has a higher
density as 0.870 g cm ™ than 1, as 0.730 g cm % Therefore, 1, is
expected to be obtained from the reaction mixture when solvent-
mediated transformations are allowed to proceed.

Based on the strategy described above, the syntheses of
[Zn,(bdc)»(dabco)], polymorphs were performed. A mixture of
Zn(NOs),-6H,0, Hybdc, and dabeo (2 : 2 : 1 in molar ratio) with the
concentration of the Zn salt as 0.01 M was added to DMF (20 mL).
After the suspension was sonicated for 30 min, the insoluble powder
was filtered off and the resulting transparent solution was heated at
120 °C. Note that this pre-treatment is the standard protocol to
obtain a pure phase of 1, after a subsequent reaction time of 48 h.
For 1., after heating for 0.5 h the solution was still transparent and
the transparent solution was cooled down to 25 °C. The hexagonal
plate crystals were harvested (Fig. S1t). Both single crystal X-ray
diffraction (SCXRD) and powder X-ray diffraction (PXRD)
measurements determined the phase and purity of 1, as expected
(Fig. S27).

To further document our protocol, reactions with various heating
times (1, 1.5, 2, 12, or 48 h) followed by cooling were carried out
(Scheme S17). From 1.5 h of heating and onwards, crystals appeared
before the cooling step (See also Table 1). The PXRD patterns of the
crystals obtained after cooling to 25 °C are summarized in Fig. 2.
From Fig. 2, we can see that up to 1 h of pre-heating, only 14, is
obtained. Subsequent heating leads to the formation of an unknown
intermediate (3), to finally form only 1., after 48 h. SCXRD
measurements on 3 were performed, but the structural analysis was
unsuccessful because of its low crystallinity. However, the interme-
diate PXRD patterns were analyzed by peak fitting. (See Fig. S3t).
This analysis shows that 3 is single phased and can not correspond to
either 1, or 1,,. The formation of 3 obscures the understanding the
mechanism of polymorphism between 1, and 1,,. Therefore, the
similar experiments for 0.03 and 0.1 M of the Zn salts were carried
out keeping the molar ratio of the starting materials to avoid the
formation of 3. Although an acceleration of the reaction was
observed at the higher concentration (0.03 M) as shown in Fig. S4+
and Table 1, the sequential crystallization from 1, to 1., corre-
sponded to the standard conditions (0.01 M). For a concentration of

Table 1 Summary of the products obtained at different concentrations
and preheating periods.

05h 1h 1.5h 2h 12h 48 h

0.01 M 1pen” 1pgn” Lign® + 3" 1y +3° 3 1,/
0.03M lpgn” ligm” +3°  Tpgn' +3° 3 1,/ +3" —
0.1 M lkgm” lkgmh + lsqll7 lkgmb + lsqlh lkgm}7 + lsqlb lsqlb -

@ Crystals obtained after cooling ” Crystals obtained soon after
preheating
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Fig. 2 PXRD patterns of the products with various preheating times
(0.5, 1, 1.5, 2, 12, and 48 h) after the cooling process and simulated
patterns of 1y, and 1,,. The concentration of zinc ions is 0.01 M.
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Fig. 3 PXRD patterns of the products with various preheating times
(0.5, 1, 1.5, 2, and 12 h) after the cooling process and simulated patterns
of 1;m and 14, The concentration of zinc ions is 0.1 M.

0.1 M, longer preheating times led to the precipitation of first 14,
and 1, to finally only crystallize 1,,, already during the preheating
time of 12 h (Fig. 3 and Fig. S51) and the formation of 3 was avoided.

From these results, we can describe the plausible nucleation
process of 1, and 1y, (concentration 0.1M) in terms of concen-
tration of oligomers vs preheating time. Over the 1 h threshold, the
precipitation of both 1, and 1., occurs at 120 °C because
the concentration of the oligomers of 14, and 14, is higher than the
saturating concentration at 120 °C. When the preheating time is
extended, a solvent-mediated process prevails to result in 1, only if
the reaction time is long enough to complete the transformation of all
the products. In contrast, when the reaction mixture is heated for
0.5 h, both 1, and 1,, do not crystallize at 120 °C; the concen-
trations of both oligomers are too low to initiate the nucleation.
When the still clear preheated reaction mixture is cooled to 25 °C,
however, 1, can crystallize because the saturating concentration
level for 14, at 25 °C is low enough to lead to the super-saturated
state and the crystallization of 1,,. However, 1,4, cannot crystallize
at 25 °C because the saturating concentration is too high.
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In summary on one hand, the pure phase of the pillared Kagomé
layer framework of 1, can be obtained by a short reaction time at
120 °C followed by the nucleation at 25 °C, thanks to the large
difference of solubility of the oligomers at 120 °C and 25 °C. On the
other hand, the pure phase of the pillared square-grid layer frame-
work of 1,, can be obtained with a longer reaction time at 120 °C to
initiate the nucleation and the solvent-mediated transformation
process.

To validate our method, we extended this strategy to the synthesis
of the new pillared Kagomé net framework using a longer pillar
ligand, bpy, [Zn,(bdc),(bpy)]. (2). Therefore, a nucleation at a lower
temperature was carried out; the mixture of Zn(NOs),- 6H,0, H,bdc,
and bpy (2 : 2 : 1 in molar ratio) with the concentration of the Zn salt
as 0.01 M was heated at 120 °C for 1 h, followed by cooling to 25 °C.
After 1 day, the hexagon-shape crystals were harvested. The SCXRD
measurement confirmed the formation of the novel framework with
2D Kagomé nets connected by bpy ligands (2., as shown in Fig. 4.

(a)

(b)

O
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Fig. 4 Crystal structures of 2y, along the c axis (a) the a axis (b).
Disordered bpy molecules and hydrogen atoms are omitted for clarity.
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Fig. 5 PXRD patterns of the products with various preheating times
(1, and 48 h) after the cooling process and simulated patterns of 2, and
2, The concentration of zinc ions is 0.01 M.

In this structure, the crystallographically imposed mmm and mm
symmetries that are parallel to the {110} and {100} planes, respec-
tively, generate Kagomé sheets and / symmetry that is parallel to the
{001} plane, links the sheets by the pillar ligands. Whereas the
framework of 2, has the same 2D motif of Kagomé sheets as 1,
the longer pillar linker as bpy connected the 2D Kagomé net in 2y,
instead of dabco in 1y, Thanks to the elongation of the pillar, the
framework of 2, has a larger pore window (7.7 A x49 A) along
the a axis rather than that of 1, (3.5 A x 49 ;\). Similar to the
reaction system of 1, the framework with 2D square-grid nets (2,4)""
was obtained after heating the reaction mixture for 48 h, but with
a 2-fold interpenetration (Fig. 5 and Fig S6). Even though the simple
elongation of organic linkers normally results in the formation of the
interpenetrated framework as seen in 2, the 2D Kagomé topology,
however, allows for the modulation of the distance between Kagomé
layers without reducing the void space by interpenetration; pillared
Kagomé layers do not allow interpenetration due to the steric
hindrance.

In conclusion, we succeeded in controlling the polymorphism in
PCPs consisting of Zn ions, bdc, and dabco (for 1) or bpy (for 2) by
solely adjusting the nucleation process systematically: a PCP with
square grid net (1,,,and 2,,,) was obtained by using nucleation at high
temperature (120 °C), whereas a PCP with Kagomé layers (14, and
2yem) Was obtained by a nucleation at room temperature (25 °C). The
protocol described should open a new way to tune the connectivity
between metal clusters by controlling the nucleation process. More-
over, we showed that the pillared 2D Kagomé nets are a suitable
design to push the metrics and obtain larger pores without being
confronted with the problems of interpenetration.
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Notes and references

1 The maximum symmetry representations, i.e. topological types, for ny,
and ngg,, three-dimensional structures (n = 1, 2) are pcu and kag
respectively following the Reticular Chemistry Structure Resource
nomenclature."

& General Method: Solvents and reagents were used as received from
commercial sources unless noted otherwise.

Measurement apparatus: Single crystal X-ray diffraction measurements of
1ygm and 24, were performed with a Rigaku AFC10 diffractometer with
Rigaku Saturn CCD system confocal monochromated Mo-Ka radiation
and data was processed using Crystal Clear-SM 1.4.0 (Rigaku). The
structure was solved by direct methods and refined by full-matrix least-
squares techniques on F? (SHELXL-97)."? All non-hydrogen atoms were
anisotropically refined, while all hydrogen atoms were placed geometri-
cally and refined with a riding model with Ui, constrained to be 1.2 times
Ueq of the carrier atom. The diffused electron densities resulting from
residual solvent molecules were removed from the data set using the
SQUEEZE routine of PLATON and refined further using the data
generated. The contents of the solvent region were estimated as one water
molecule per asymmetric unit from the result of the SQUEEZE routine
and included in the unit cell contents in the crystal data. Powder X-ray
diffraction measurements were performed with Bruker D8 Discoverer
with GADDS equipped with a sealed tube X-ray generator producing
Cu-Ko radiation.

Crystal data for 2;,,,: C;sHy0N>O;0Zn, M, = 651.18, hexagonal, space
group P6/mmm, (#191), a = 21.619(8), ¢ = 14.105(4) A, V = 5709(4) A’,
Z=3,T=2232)K, p. =0.568 gem~?, u(Mo-Ka) = 0.651 cm™", 20,0x =
55.0°, AMo-Ka) = 0.71075 A, 45244 reflections measured, 2544 unique
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(Riny = 0.0578), 2320 (I > 20(1)) were used to refine 55 parameters, 1
restraints, wR? = 0.2446 (I > 20(1)), R; = 0.0852 (I > 20(1)), GOF = 1.148.
General synthetic protocols: A mixture of Zn(NOs),-6H,0, H,bdc, and
dabco (2 : 2 : 1 in molar ratio) was added to DMF (20 mL) and sonicated
for 30 min. The suspension was filtered off and transferred to a glass tube.
The solution was heated at 120 °C in an oil bath for 0.5-48 h and the
reaction mixture was kept in incubator (25 °C) for 24 h.

Synthesis of 2;,,,: A mixture of Zn(NO3),-6H>O (59.6 mg, 0.2 mmol),
H,bdc (33.2 mg, 0.2 mmol), and 4,4’-bipyridine (15.6 mg, 0.1 mmol) was
added to DMF (20 mL) and sonicated for 30 min. The obtained trans-
parent solution was heated at 120 °C in oil bath for 1 h and the reaction
mixture was kept in incubator (25 °C). Colourless hexagonal crystals of
24gm Were obtained after 24 h.
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