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(b)

This work represents a new 4-fold interpenetrated honeycomb coordination polymer, which was also
characterized by gas sorption and luminescence. The compound exhibits strong photoluminescence
at room temperature and may be suitable as a candidate as a luminescent material.

Solvothermal reaction of 1,3,5-benzenetribenzoic acid (H;btb) with metal salts yielded two compounds
with chemical formulas {(Me,NH,)[Zn(btb)(DMA)]-DMA}, (1) and [Mn;(btb),(DMA),-4DMA] (2)
(DMA = N,N'-dimethylacetamide). 1 shows a 3-D fourfold interpenetrating (6,3) topological net,
which has 1-D channels with counter anion and guest DMA molecules. 2 contains a 2-D bilayer
structure based on a carboxylate-bridged Mn; cluster. 1 has no significant adsorption for H, and N, gas
upon desolvation by long-time thermal activation, indicating that access to the void space is blocked
by the immovable anions and interpenetrated feature. In addition, the 3-D luminescence for 1 and
magnetism for 2 were also explored.

Keywords: Luminescence; Gas sorption; Magnetism; Interpenetration

Introduction

Metal-organic frameworks (MOFs) have been evaluated for their promising applications in
luminescence and gas technology [1-5]. Thanks to the large variety of metal centers,
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commonly called nodes, and of organic bridging ligands, referred to as linkers, there is a
virtually limitless possibility of combination of secondary building units that can be assem-
bled into MOFs. This extreme diversity does however also pose challenges, both for catego-
rizing the different classes of MOFs and for predicting which molecular architecture, or
topology might form with a chosen set of nodes and linkers under specific reaction
conditions [6-8].

1,3,5-Benzenetribenzoic acid (H;btb) has been extensively used for construction of coor-
dination polymers, resulting in a variety of large pore architectures with interesting proper-
ties. Many Zn-btb compounds have been explored [9—12]. Moreover, the formations of
diverse MOFs with large pores may lead to interpenetration. As a type of entanglement,
interpenetration has been the most investigated and merits of the interpenetrating networks
have been discovered. Some researchers proved that interpenetration could be utilized to
strengthen the interaction between the gas molecules and the frameworks. To prepare new
materials with interpenetration and good physical properties, we chose btb as a single bridg-
ing ligand to react with the d-block metal salts and obtained two new 3-D coordination
polymers, {(Me,NH,)[Zn(btb)(DMA)]-DMA}, (1) and [Mnj(btb),(DMA),-4DMA] (2)
(DMA = N,N'-dimethylacetamide). 1 shows a 3-D fourfold interpenetrating (6,3) topologi-
cal net, which represents the highest interpenetrated mode in Zn-btb compounds. 2 contains
a 2-D bilayer structure based on a carboxylate-bridged Mn; cluster. The gas sorption and
3-D luminescence for 1 and magnetism for 2 were explored.

Experimental

Materials and methods

All reagents were purchased from commercial sources and used as received. IR spectra
were recorded with a PerkinElmer Spectrum One spectrometer from 4000 to 400 cm ™'
using KBr pellets. Thermogravimetric analyses (TGA) were carried out with a Metter—
Toledo TA 50 in dry dinitrogen (60 mL min~"') at a heating rate of 5 °C min~'. X-ray pow-
der diffraction (XRPD) data were recorded on a Rigaku RU200 diffractometer at 60 kV,
300 mA with Cu K, radiation (A = 1.5406 A), with a scan speed of 2 °C min™"', and a step
size of 0.013° in 26. Luminescence spectra for crystal solid samples were recorded at room
temperature on an Edinburgh FLS920 phosphorimeter (USA). Gas sorption isotherms were
measured using ASAP 2020 M adsorption equipment. Magnetic susceptibility data of pow-
dered sample restrained in parafilm were measured on an Oxford Maglab 2000 magnetic
measurement system from 300 to 1.8 K and at field of 1 kOe.

X-ray crystallography

Single-crystal X-ray diffraction analyses of the compounds were carried out on a Bruker
SMART APEX Il CCD diffractometer equipped with graphite-monochromated MoKa radia-
tion (A =0.71073 A) using ®/ scan technique at room temperature. The intensities were
corrected for Lorentz and polarization effects as well as for empirical absorption based on
multi-scan techniques; the structures were solved by direct methods and refined by full-
matrix least-squares fitting on F> using SHEXL-97 [13]. Absorption corrections were
applied using the multi-scan approach with SADABS [14]. Hydrogens of the organic
ligands were placed in calculated positions and refined using a riding model on attached
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Table 1.  Crystallographic data and structure refinement details for 1 and 2.

Complex

1

2

Empirical formula

C37H41N304Zn

Formula mass 419.08
Crystal system Monoclinic
Space group P2il/n
a[A] 14.265(4)
b[A] 8.945(2)
c[A] 27.441(6)
o] 90

L1°] 90.451(4)
y[° 90

v [A%] 3501.3(15)
Z 4

« [mm'] 1.368
F(@000) 1512
Reflections collected 21,921
Rint) 0.0722

Ry, wR, [I>20(1)] 0.0466, 0.0894

Ry, wR; [all data]

0.0905, 0.1041

CssH102Mn3NgOx
1732.57
Monoclinic
P2i/m
12.2866(15)
26.175(3)
13.7252(16)
90
98.6324(19)
90
4364.1(9)

2

0.500

1818

36,217

0.0624

0.0452, 0.1014
0.0685, 0.1124

Table 2.  Selected bond distances (A) and angles (°) for 1 and 2.

1

Zn1-01 1.9505(17) Znl-07 2.0250(19)
Zn1-04 1.9459(18) Zn1-05 1.9597(17)
04-Zn1-01 108.43(8) 04-Zn1-05 108.30(8)
01-Zn1-05 132.89(7) 07-Zn1-04 88.98(8)
01-Zn1-07 102.73(8) 05-Zn1-07 106.39(8)
2

Mnl-O1 2.1172(12) Mn1-05 2.1396(12)
Mn1-07 2.1457(12) Mn1-08 2.1774(12)
Mn1-04 2.2721(11) Mn1-03 2.3105(12)
Mn2-02#1 2.1235(12) Mn2-0O6#1 2.1271(11)
Mn2-04#1 2.2127(11) 0O1-Mnl1-05 95.95(5)
05-Mnl1-08 169.11(5) 07-Mnl-04 158.98(5)
02-Mn2-02 180.00(7) 06-Mn2-06 180
04-Mn2-04 180 02-Mn2-06 84.65(5)

Note: Symmetric codes: #1: —x + 1/2, y + 1/2, =z + 1/2.

atoms with isotropic thermal parameters 1.2 times those of their carrier atoms. Table 1
shows crystallographic data of 1 and 2. Selected bond distances and angles are listed in
table 2. CCDC: 1009181 for 1 and 1004378 for 2.

Syntheses

{(Me,NH,)[Zn(btb)(DMA)]-DMA},, (1). A mixture of Zn(OAc), (0.1 mM), H;btb
(0.1 mM), DMF (8 mL), and HNO; (0.1 mL) was placed in a Teflon-lined stainless steel
vessel, heated to 120 °C for 3 days under autogenous pressure, and then cooled to room
temperature at 5 °C h™'. Colorless crystals were obtained after 5 days. The resulting crystals
formed were filtered off, washed with water, and dried in air. C37H4;N3OgZn Calcd: C,
61.62; H, 5.73; N, 5.83. Found: C, 61.40; H, 5.70; N, 5.79. IR (KBr, cm_l): 3442(vs);

3054(m); 2953(m); 1617(vs); 1352(vs); 1244(s); 1165(vs); 1018(vs); 840(vs).
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[Mn;3(btb),(DMA),-4DMA] (2). A mixture of Mn(OAc),*H,O (0.1 mM), H;BTB
(0.1 mM), DMA (5 mL), deionized water (1 mL), and HNO; (0.1 mM) was stirred for
30 min in air, kept at 120 °C for 3 days in an oven, and then cooled to 25 °C. The resulting
crystals formed were filtered off, washed with water, and dried in air. CggH;9,Mn3zNgO,q
Caled: C, 59.62; H, 5.93; N, 6.47. Found: C, 59.45; H, 6.02; N, 6.41. IR (KBr, cm_l):
3396(m); 2922(vs); 1569(m); 1531(m); 1399(m); 1251(m); 1011(vs); 769(vs).

Results and discussion

{(Me;NH,)[Zn(bth)(DMA)]-DMAR,, (1)

X-ray crystallography reveals that 1 crystallizes in the space group P 2/n. In the asymmetric
unit, each Zn(II) is four-coordinate with three oxygens from three different carboxyl groups
(Zn-0O 1.9543(10)-1.9620(10) A) and one O (Zn1-O7 = 2.0252(10) A) from coordinated
DMA exhibiting a slightly distorted tetrahedral geometry (figure 1). Btb in 1 has the highest
symmetry. The dihedral angle between central benzene and adjacent benzene was 4.8°, and
the dihedral angle between benzene rings was 7.9°, which demonstrated that btb was essen-
tially coplanar. The carboxylate was almost coplanar with benzene ring with a torsion angle
of 4.8°. The three carboxylate groups from each btb are monocoordinated. In this crystal,
the Zn(II) centers are polymerized through the btb units to yield 2D layers with large pores
along the ac-plane. These layers are further connected by btb units, generating an interesting

o1

o7 < N1
“T\J

05

Figure 1. View of the coordination environment of Zn(II) center in 1.
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3-D framework. There also exist 1-D channels along the b direction (figure 2). There were
hexagonal cavities in the complex. Three btb ligands encompassed a fully empty hexagonal
cavity with a dimension of 16.8(7) A edge distances (figure 2). The two set cavities
compensated each other and arranged face-to-face to form a rotation angle of 40° instead of
coinciding. The centroid-to-centroid distances of the phenyl in the adjacent parallel btb were
3.5 A with 7z stacking interactions between the phenyl rings. Similar to reported
complexes, there was one proton in the formula to balance the charge. There exist some
hydrogen bonding interactions between guest Me,NH, and DMA molecules (figure 2). The
Me,NH, also binds to uncoordinated O from the carboxylate groups.

To fully understand the structure of 1, the topological approach is applied to simplify
such a 3-D coordination network. The btb ligand takes the 3-connected nodes to link three
Zn(IT) centers, and the Zn(Il) also serves as the 3-connected nodes. In this way, 1 can be
reduced to a (3,3)-connected honeycomb framework [15], as shown in figure 3(a). Rhombo-
hedral anionic channels were formed through the above fourfold interpenetration of the
anionic frameworks [figure 3(b)]. It presents the high fold-interpenetrating net constructed
by only a single btb ligand. The channels are occupied by disordered DMF and Me,NH,
cations. About 28.5% solvent-accessible volume is estimated using the PLATON software.
The pores of the channels may be partly blocked by Me,NH, cations and DMA molecules,
and the actual pore sizes are less than 7.5 x 7.5 A, and this was confirmed by the results of
gas sorption measurements.

[Mn(bth) (DMA) /4DMA] (2)

The asymmetric unit of 2 contains one and a half Mn(Il) ions, one BTB anion, two coordi-
nated DMA, and two free DMA molecules. As shown in figure 4, Mnl adopts a distorted
MnO6 octahedral geometry and coordinated to four oxygens from three individual BTB*~
and two oxygens from DMA molecules. The O1, O7, O3, and O4 atoms are the equatorial
plane, and O5 and OS8 occupy axial positions. Mn2 lies on an inversion center and is coordi-
nated to six oxygens from six individual BTB ligands. A 2-D bilayer framework with large

Figure 2. Perspective view of the 3-D net of the 1-D channel in 1.
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(a) (b)

Figure 3. (a) View of the honeycomb topological net. (b) The topological structure of fourfold interpenetrated
frameworks.

Figure 4. Coordination geometries of the metal centers and the ligand geometry in 2 (the two coordinated DMA
molecules attached to Mn1 are omitted for clarity).

cavities is formed through the bridging BTB?~ ligands (figure 5), and the cavities are occu-
pied by guest DMA molecules. The cavities are blocked by the adjacent bilayer to make the
3-D structure almost nonporous. The structure of 2 is similar to the recently reported
structures of polymers {[Cd;(BTB),(DEF),]-:3DEF}, and {[Cd3(BTB),(DMF),]-3DMF},
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Figure 5. The honeycomb-like bilayer framework with large cavity (the guest DMA molecules in the cavities are
omitted for clarity).

[12(b—c)]. The minor difference can be attributed to the bridged modes of the guest DMA/
DMF/DEF molecules, which then induce the final coordination of BTB*~ in these polymers.
A new polymer of [Co3(BTB),(DMA),], with a linear trinuclear cobalt carboxylate cluster
was prepared under 100 °C [15(d)] which also shows a 2-D layered structure of a 3,6-con-
nected kgd-like net. The compound also takes significant sorption hysteresis for adsorbates
with relatively strong interactions with the framework, such as N, and CO, [15(d)].

From the topological view, the structural feature is the presence of a new (3,6)-connected
topology in 1. The trinuclear cluster of the whole framework can be taken as 6-connected
nodes, and BTB>~ can be viewed as 3-connected nodes (figure 6).

FTIR, TGA, and XRPD

The asymmetric stretch v(COO™) is at 1617 cm™' for 1, and the symmetric stretch
v(COO") is observed around 1352 cm™' for 1. Thus, the order of the asymmetric and
symmetric stretches, AV,scoo)~Vs (coo), 18 more than 200 cm”', indicating that carboxyl
groups are coordinated monodentate to the metal [15(b)], consistent with the observed
X-ray crystal structure of 1. For 2, the order of the asymmetric and symmetric stretches,
AV,5c00™) Vs (coo™), 1S less than 150 cm !, indicating that carboxyl groups are coordinated
bisdentate to the metal [15(b)], consistent with the observed X-ray crystal structure of 2.

Figure 6. The topological structure of 2 (color code for the balls: Mn, pink; BTB node, green) (see
http://dx.doi.org/10.1080/00958972.2014.981168 for color version).
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To study the stability of the polymer, TGA of 1 were performed (figure Sl1, see
online supplemental material at http://dx.doi.org/10.1080/00958972.2014.981168).
Compound 1 shows two weight loss steps. The first weight loss began at 60 °C and was
completed at 226 °C. The observed weight loss of 31.1% corresponds to loss of the free
and coordinated DMA molecules and Me,NH, (caled: 30.5%). The second weight loss
occurs from 305 to 805 °C, which can be attributed to elimination of btb. The 17.8% mass
remnant at 890 °C is consistent with ZnO (19.1%). Compound 2 shows three weight loss
steps. The first of 19.8% between 20 and 169 °C corresponds to release of four DMA mole-
cules per formula unit (calcd: 20.1%). The second weight loss of 18.9% between 169 and
289 °C corresponds to release of four coordinated DMA molecules per formula unit (calcd:
20.1%), and the complex starts decomposing at 300 °C. The third deposition finishes at
750 °C, attributed to elimination of organic ligands (calcd: 69.8%).

To confirm the phase purity, original samples of 1 and 2 were characterized by XRPD at
room temperature. The pattern that was simulated from the single-crystal X-ray data was in
agreement with that observed, as shown in figure S2.

Gas sorption

In order to check the permanent porosity of 1, gas adsorption studies have been performed,
as shown in figure 7. The activated sample of 1’ was prepared by keeping as-synthesized 1
in DMA for 1 day while refreshing the solvent twice during soaking and then vacuum dry-
ing at 120 °C overnight. The activated 1 has been studied for N, and H, at 77 K. The H,
and N, sorption amounts rise gradually from P/Py = 0 to 1.0. Both isotherms present typical
Type-I curves and are characteristic of a microporous material [16]. Usually, this sorption
feature can be attributed to some reasons. First, 1 is a 3-D interpenetrating structure and the
void is occupied by the fourfold nets; second, the interaction between gas molecules and
the full framework is very weak; and third, 1 is an anionic framework, thus, the pore may
be blocked by the large and immovable [NH,(CH;),]" cations. Despite 1 holding an
apparent solvent accessible volume ratio of ca. 32% (estimated by PLATON considering
only the solvent molecules) [17], it has no significant adsorption for N, and H, gas upon
desolvation by long-time thermal activation under vacuum or after exchanging the higher
boiling guest (DMA and H,O) with lower boiling molecule (MeOH and CH,Cl,) by

=]

L] .;'&;:IEIH__ at 77K | 10 = Ads N atTTK
* DesH at7TK . 1 * DesNat 77K
8 : ' " :
= ... - 8 4 "
=, 2 ot
[T o gt
= [~ :
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3 3 i
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(a) (b)

Figure 7. (a) Gas sorption isotherms at 77 K for H, in 1. (b) Gas sorption isotherms at 77 K for N, in 1.
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soaking before degassing at room temperature under vacuum. This indicates that the
channels are clogged by the large immovable Me;NH cations. This gas sorption behavior

W.-P. Wu et al.

has been observed at other alkylammonium@Zn-carboxylate polymers [18].

Magnetism

The ymT value per trinuclear manganese(Il) unit was 13.2 cm® K M™! at 300 K (figure 8),
indicating that all the manganese(Il) ions are in the high-spin state. When decreasing the
temperature, the y\ 7 decreases gradually and reaches a minimum (4.5 em® KM ™) at 2 K.
The variable-temperature magnetic susceptibility data of Mn" trimmers were fitted accord-

ing to the equation as follows [19]:

Figure 8.

H = *J(SAl -Sg + Saz 'SB) *J/SAl -San

S" = Sa1 + Sa
S = S/ + SB
J J—J
E(S,8) =-55(5+1) - (8" +1)
25, S+ E(SS
NB a5 sy€s S(S+1) (28 + Dexp [_ %] o
X =

' s.s

KT i g:ﬁﬁ‘?,sﬂ(zs + 1)exp {— E(kT )}

1, T/em’mol 'K

0 50 100 150 200 250 300

Plots yyT vs. T for 2; solid lines represent fits to the data.
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st — &

The best-fitting parameters are obtained as J=—2.73 cm™', g=2.05, and TIP =0 cm’
K M, indicating an anti-ferromagnetic interaction between adjacent manganese(Il) ions.
These values confirm the presence of anti-ferromagnetic interaction between the Mn?" ions
within a trinuclear subunit. The parameter @ypengq of the Mn—O—-C—O—Mn is very important;
larger ®yeng could generate a larger decrease in —J because of reduced overlap of the dy,—y»
orbital with the 2p, carboxylate oxygen orbital in the symmetric HOMO [20]. In the case
of 1, the @yenq is 4.8, which is slightly smaller than that of [Mnz(L)(DMA)-2DMA]
(H¢L = hexa[4-(carboxyphenyl)oxamethyl]-3-oxapentane acid) [21]. A trinuclear Mn(II)
compound of [Mnsz(Hbptc),(2,2'-bpy);(H,O0)s]:2H,O (Hybptc = iphenyl-2,5,2',5'-tetracarb-
oxylic acid, 2,2'-bpy = 2,2’-bipyridine) exhibits weak anti-ferromagnetic interaction. The
authors infer that the small Weiss value is indicative of weak anti-ferromagnetic interactions
between neighboring Mn(II) ions, possibly due to a long Mn---Mn distance of 6.801 A [22].

Luminescence

Organic—inorganic coordination polymers, especially those with d'® metal centers, have been
investigated for their fluorescent properties and potential applications as fluorescence-emitting

1000

800

8

400

Intensity

Figure 9. View of the 3-D luminescence at room temperature for 1.
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materials, such as light-emitting diodes [23, 24]. Therefore, 1 was studied in the solid state at
room temperature (figure 9). Free H3btb shows an emission at 400 nm [25], while 1 shows the
maximum emission peak at 528 nm (A¢, = 355 nm). The luminescent lifetime is 5.87 ns for 1
(figure S3), a little longer than that of H3btb [25]. The formation of two types of excimeric sites
is demonstrated for free btb in the solid state. The author also assumed that cyclic O-H:--O
bonds greatly facilitated the formation of low-energy excimers in free Hsbtb [25].

Conclusion

We have synthesized two new polymers with different topological nets. The H, and N, gas
sorption studies indicate that the channels may be clogged by the large and immovable
Me,NH; cations and interpenetrated mode in 1. Compound 1 exhibits strong photolumines-
cence at room temperature and may be suitable as a candidate as a luminescent material.
The magnetic behavior of 2 shows the presence of anti-ferromagnetic interaction between
the Mn?" ions within a trinuclear subunit.
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