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A rare chiral 3D cluster-organic framework
{[Zn;05(NTB)((NDB);3]-41H,0},, (1) (H;NTB = 44'4"-
nitrilotrisbenzoic acid and H,NDB = 4,4'-nitrilodibenzoic
acid) was prepared and structurally characterized. Complex
1 contains two types of [Zn,(u#4-O)(COO)¢] and unreported
[Zny(u3-0)3(COO0),,] SBUs, which link bi- and tri- carboxylic
acids and extend to an unprecedented (3, 6, 12)-connected
framework. In addition, electronic structure calculations
were performed to scrutinize the features of embedded
clusters.

Metal carboxylate clusters coordination polymers, owing to
their high thermostability and favouring the formation of
noninterpenetrated frameworks, have been of intense interest due
to their intriguing aesthetic structures and topological features,'
as well as their promising applications in many important fields
including photochemistry —areas,” molecular magnetism,’
heterogeneous catalysis,* and molecular sorption.” As we all
know, zinc carboxylate second building units (SBUs), such as di-,
tri-, tetra- and pentanuclear zinc carboxylate clusters, have been
widely used to build interesting networks and functional materials
with multi-topic carboxylates as linkers.® Usually, the expansion
of the clusters favours highly-connected networks.” However, the
high-nuclear clusters, such as hexa-, hepta- and octanuclear zinc
clusters, are rarely incorporated into infinite frameworks due to
difficulties in the formation of such clusters,® hence higher-
connected networks are still scarce.

Recently, a great number of novel mixed-ligand metal-organic
frameworks (MOFs) were reported,’ revealing that the
combination of different ligands can result in greater tunability of
structural frameworks than single ligands. Most of mixed-ligand
polymers adopt N-containing ligands in metal-polycarboxylate
systems, while the systems with two types of polycarboxylates
are scarcely.'” The availability of different organic carboxylic
acids linkers not only offer the potential for the construction of
structurally diverse MOFs, but also offer the opportunity to create
functionalized frameworks. We are interested in the development
of MOFs constructed from semirigid carboxylic acids, which
exhibit excellent coordination ability and can free rotate the arms
to meet the requirement of coordination geometries in the
assembly processing. Here, two semirigid carboxylic acids
(HsNTB = 4,4'4"-nitrilotrisbenzoic acid and H,NDB = 44'-
nitrilodibenzoic acid) are selected to construct a chiral (3, 6, 12)-
connected functionalized MOF with novel SBUs [Zng(uy-
0)(COO0)¢] and [Zny(u3-0);(COO),2].
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Fig. 1. Coordination environment of the Zn(Il) ions in 1, which
contains [Zny(u4-0)(COO)s] and [Zno(u3-0)3(CO0),,] SBUs .

Solvothermal reaction of Zn(NOs3),"6H,O with H3;NTB and
H,NDB in H,O medium afforded a metal-organic framework
{[Zn;;05(NTB)s(NDB);]-41H,0}, (1). Complex 1 crystallizes in
the chiral space group R32, the asymmetric unit consists of five
crystallographically independent Zn(Il) ions, one NTB*, a half
NDB?, two oxygen anions, and lattice H,O molecules (Fig. 1).
Interestingly, there are two types of clusters [Zny(u4-O)(COO)g]
(SBU1) and [Zny(u3-0)3(CO0),,] (SBU2) in complex 1, SBUI is
built by Zn4 and Zn5 connecting x4-O and six carboxylate groups,
which is always reported in zinc carboxylate frameworks. SBU2
is constructed by Znl, Zn2 and Zn3 linking x3-O and twelve
carboxylate groups. Interestingly, there are two types of three-
coordinated Zn environments in SBU2, Zn2 center is connected
by three 13-O atoms to form a [Zn(u3-O);] plane (Zn2—01=1.740
A). Znl has a similar coordination environment to Zn2, which is
coordinated by three carboxylate oxygen atoms forming a triangle
pyramid (Zn1-02 1.948 A). As far as we know from CCDC
database, three-coordinated Zn environments are quite rare in
zinc coordination polymers, only two examples with three
coordinated [ZnO;] plane have been reported previously,'' while
no examples with triangle pyramid coordination mode have been
reported. Two types of three-coordinated Zn environments in one
SBU is rather unique, the formation may be attribute to the
unique configuration of [Zng(u3-0);(CO0);,]. While Zn3 is
coordinated by three carboxylate oxygen atoms (Zn3—O3 1.922,
Zn3-04 1.914, Zn3-05 1.973 A) from three NTB*, one oxygen
atom (Zn3—-01 1.892 A) from a u3-O to form tetrahedral
geometry. Although all the Zn—O bond lengths are comparable to
those documented values in the previous literatures, the average
Zn2-01 bond length is obviously shorter than those of Zn1-02
and Zn3-0. Znl, Zn2 and Zn3 connect each other via three u3-O
and twelve carboxylate groups forming an unique unreported
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nonnuclear [Zng(u3-0);(COO),] cluster. It is notable that the
Zn2---Znl---Zn2 are almost in line and the distance between
adjacent Zn atoms is 3.139 A, which may be the one reason that
why Zn2 and Zn1 are three coordination.

[Zng(13-0)3(COO0),] (SBU2) as an unique cluster arouses our
great interests. In order to scrutinize the nature of SBUs,
electronic structure calculations were performed for model
clusters Zn4Hg(114-O)(COO)s and ZngH5(13-0)3(COO0),, (see ref.
S3-S5 of ESI). Some important informations are obtained: (1)
Natural electron configurations (NEC) and NBO charges reveal
that Zn (3d°%%248%7™%32 and 1.7¢) in the zinc carboxylate
clusters tend to display the oxidation state of +2 and u-oxygen
(28'2p*® and ~ -1.8¢) display more negative oxidation state than
oxygen (28"2p>! and -0.9¢) in the carboxylate groups (-2 versus
-1). (2) Frequency calculations disclose that the cluster Zn Hg(u4-
0)(COO); is a minimum. To our surprise, ZngH ,(x3-0);(CO0);,
belongs to a high order saddle point (-59.14, -59.14, -30.0i, -30.04,
-16.6i), destabilized by 56 kcal/mol relative to another
configuration ZngH;,(u3-O)(144-0),(COO);,. It indicates that the
configurations [Zng(u3-0);(COO);,] are greatly stabilized by
linkers or dynamically stable in the MOFs. In such a special
configuration, a smaller HOMO-LUMO energy gap (Fig. 2) will
favorably influence optical properties of the MOFs.
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Fig. 2. Calculated energy diagram for clusters ZngHg(uy-
0)(COO)s,  ZngH5(13-0)3(COO)1p,  and  ZngH »(u3-O)(uis-
0),(CO0),, by the B3LYP/6-311++G(d,p) (For clarity, hydrogen
atoms are omitted.)
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Fig. 3. A view of 2D sheet constructed by Zny(us-O)(COO)s
cluster and H,NDB, which contains 1D left-helical chains.

There are many left-helically chiral channels along the ¢ axis
with effective diameter of ~6.0 A (Fig. 3), formed by [Zn,(u4-O)]
core and NDB” anion, these channels are perpendicular each
other. NTB* anions link [Zne(u3-O);] and [Zns(us-O)] cores to
form a 3D framework with hexagon channel. NDB” anions filled
into the hexagon channels by linking [Zn,(u4-O)] cores (Fig. 4),
and the ratio of SBUI versus SBU2 is 2/1. From the topological

point of view, [Zng(u3-0)3(COO);,] cluster can be defined as a

40 12-connected node, [Zny(u4-O)(COO)g] cluster can be defined as

a 6-connected node, and NTB®" as 3-connected linker. Thus, the
overall framework is a (3, 6, 12)-connected 3D framework with
the Schlafli symbol of {4.6%}4{4%6%*.777.8°} {6'2.7°}, (Fig. 5).

s Fig. 4. A perspective of the 3D framework along the ¢ axis.
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Recently, only few of high nuclear zinc carboxylate
frameworks have been reported. Trikalitis has reported two
hexnuclear [Zng(u;3-OH)(144-O)(H,0),(CO,)s]” and heptanuclear
[Zn7(u3-OH);(CO,)s]” clusters-based MOF."> Bu group has
reported a 10-connected self-penetrating framework based on
pentanuclear  [Zns(u3-0),(COO)g]  unit,”® a  14-connected
framework based on heptanuclear [Zn;(OH),(HOMe),(OCO);,]
unit,' and other novel clusters-based MOFs.'® As far as we know,
[Zng(13-0)3(CO0) ;] is the first examples of 12-connected
nonanuclear znic-based SBU. These high nuclear zinc
carboxylate clusters could help us deeply understand the nature of
clusters-based MOFs and design porous crystalline functional
materials.

Fig. 5. Schematic representation of a (3, 6, 12)-connected {4.6°}¢
{4°.6*.7% 8%y {6'2.7°}, 3D framework.

In order to evaluate the spontaneous resolution process, the
solid-state CD spectrum in KCl matrix is determined by using
bulk crystals. As seen in Fig. S1, the CD spectrum exhibits
positive CD signal, revealing the formation of enantiomeric
excess in crystals (Fig. S1 of ESI).. X-ray powder diffraction
patterns of simulated and experimental are in good agreement
with each other, demonstrating the phase purity of the product
(Fig. S2 of ESI). The TGA curve of 1 shows that the weight loss
takes place at 35—95°C, which corresponds to the loss of free
water molecules (17.05%). From then on, no weight loss is
observed until 400 °C. The decomposition process ended at about
550 °C. The TAG analysis shows that complex 1 has excellent
thermal stability (Fig. S3 of ESI).

Considering that complex 1 crystallizes in the chiral space
group R32, the second harmonic generation (SHG) efficiency was
studied. Preliminary examinations indicate that the SHG
efficiency is approximately 0.5 times that of urea (an efficiency
of 12 times that of KDP and an efficiency of 200 times that of a-
quartz). The luminescent properties of H;NTB and H,NDB as
well as complex 1 in the solid state were studied at room
temperature (Fig. S4 of ESI). Emissions of the free H;NTB and
H,NDB are observed with emission peaks at 412 nm and 411 nm,
which are attributed to the 7*-z or 7*-n transitions. The emission
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peaks of complex 1 at 465 nm and 525 nm (4., = 370 nm) show
larger red shifts than that of H;NTB and H,NDB, which may be
attributed to metal-to-ligand charge transfer (MLCT) or cluster-
to-ligand charge transfer.'® While the high emission intensity of 1
is due to the enhanced conjugation in the ligands upon metal
coordination. Furthermore, the emission decay lifetime of
complex 1 was monitored and the curve is best fitted by bi-
exponentials in solid."”” The emission decay lifetimes of complex
1 are: 1,=0.97 ns and 7,= 3.84 ns (*= 1.258) at 450nm and 1, =
9.56 ns and 7, = 2.56 ns (x*= 1.273) at 520nm, (Fig. S5 of ESI).

In conclusion, we have prepared and characterized a rare (3, 6,
12)-connected framework based on nonanuclear and tetranuclear
zinc carboxylate clusters. The electronic structure calculations
were performed to understand the nature of embedded clusters.
This work demonstrates that polynuclear cluster entities as SBUs
is an effective and powerful synthetic strategy in constructing
high-connected MOFs, also provids a rational design of metal
clusters and appropriate choices of semirigid organic linkers for
constructing new MOFs in the near future. Subsequent works will
be focused on the structures and properties of various metal-
organic frameworks constructed by these ligands with other
polynuclear metal clusters.
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1 Electronic Supplementary Information (ESI) available: XRD,
TG data, IR, bond lengths (A) and angles (deg) and
photoluminescent data of 1 as well as computational details,
calculated cartesian coordinates and summary of natural
population analyses for embedded clusters. For ESI and
crystallographic data in CIF or other electronic format see DOI:
10.1039/6000000x/

iCrystal data: for 1: [C;63Ho¢NoOs3Zn,7], M,= 4200.17, Trigonal,
space group R32, a =b=23.2738(11) A, c =33.9318(14)A, a = §
=90° y = 120°, ¥ = 15917.4(13) A?, Z=3, D.= 1314 g-em™,
u(Mo-Ka) =1.951 mm™, T=291(2)K, 6967 reflections measured,
373 independent reflections (R, = 0.0493), final R, = 0.055 (7 >
20(I)) and final wR(F,) = 0.1205. CCDC: 1036604.
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