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Abstract: We report the synthesis and characterization of six novel coordination polymers (CPs)
based on M(Il) (M: Zn and Co), di-, tri- and tetracarboxylate linkers and two novel bis-
pyridylalcohol 1,7-bis{(piridin-n -yl)methanol}-1,7-dicarba-closo-dodecaboranes (»’ = 3, L1; n’ =
4, L2) ligands. The polycarboxylates are terephthalic acid (H,BDC), 1,3,5-benzenetricarboxylic
acid (HsBTB) and 1,2,4,5-tetrakis(4-carboxyphenyl)benzene (H4,TCPB). Structural description of
CPs reveals the flexibility of the carborane ligands and their ability to construct extended structures.
The CP containing Co(ll), BTB and L2 behaves as a crystalline sponge for a variety of guests,
showing a higher affinity for aromatic guest molecules. Single-crystal nanoindentation experiments
indicate that a high number of specific interactions between the guests and the CP framework

results in a high elastic modulus and hardness values.
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Introduction

Porous Coordination Polymers (CPs) or Metal-Organic Frameworks (MOFs) are a class of porous
crystalline materials formed by the assembly of metal ions or metal clusters with different types of
bridging organic linkers."* Multiple network structures with various topologies can be prepared by
the appropriate choice of metal ion geometry and the binding mode of the bridging ligand. The
primary choice of the organic part has been polycarboxylates, polypyridines, and organic ligands
that possess both carboxylate groups and N donor atoms. Thus, the chemistry of CPs has been
dominated by these ligands. Sometimes, the above-mentioned ligands are simultaneously used to
generate mixed-ligand three-dimensional (3D) CPs.> The majority of these CPs are formed by
connecting metal-polycarboxylate layers through pyridyl-based ligands. This approach allows
higher flexibility in terms of pore size and introduction of functional groups. In this regard, MOFs
can be easily tuned and amenable to a wide variety of guest compounds, through host-guest
interactions.®® Preferential arrangement of guest molecules within CPs has enabled the structural
determination of molecules that did not crystallized otherwise. The latter method, known as the
crystalline sponge method,® rely on specific host-guest interactions that renders the guest molecules
regularly ordered.” Such host-guest interactions are being explored for a variety of applications.® In
light of the imminence of these materials applications, mechanical properties, which are critical to
the industrial manufacturing and processing, need to be taken into account.'® **

The icosahedral closo-carboranes (dicarba-closo-dodecaboranes; (C,BioHi2)) are an
interesting class of exceptionally stable boron-rich clusters that can be prepared on the kilogram
scale, and that can be modified at different vertices via chemical reactions.”>*" Three isomeric
forms are known: ortho, meta and para, which are differentiated by the position of the carbons in
the cluster (Scheme 1). The average size of the carboranes (141-148 A%) is comparable to that of
adamantane (136 A®) and is significantly larger (40%) than the phenyl ring rotation envelope (102
A®). The spherical feature of these molecules, with slightly polarized hydrogen atoms, and the
presence of the hydride-like hydrogens at the B-H vertexes make the carboranes very hydrophobic.
In addition to that, the high thermal and chemical stability, acceptor character and 3D nature of the
icosahedral carborane clusters make them valuable ligands in coordination chemistry.’** For
example, Mirkin and co-workers explored the use of di-, tri- and tetra-carboxylic acid derivatives of
para-carborane (I to IV in Scheme 1) for CP synthesis, providing a series of CPs exhibiting
unprecedented stabilities with respect to thermal degradation, inherited from the carborane
moiety.?**° Some of the CPs including these polycarboxylato p-carborane-based linkers showed gas
uptake properties and excellent selectivity for CO,/CH; mixtures. Jin and co-workers also

constructed CPs based on the dicarboxylic acid derivatives of para- but also of meta-carborane
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linker (V in Scheme 1), and studied their adsorption and luminescence properties. 3 More
recently, dicarboxylic and tricarboxylic derivatives of the smaller carborane closo-1,10-C,BgH1g

were also incorporated into porous CPs.?® %

Scheme 1. Graphical representation of the carborane isomers (closo-C,BioH1,) and their derivatives used as
linkers to form CPs.

The hydrophobic properties of carboranes, exploited in a number of medicinal applications, can
potentially enhance the hydrolytic stability of CPs. In fact, we have recently communicated the first
example that uses a non-carboxylic derivative of ortho-carborane (VI in Scheme 1) as a linker to
form a Zn(11)-based CP.>* In this CP, the o-carborane based ligand V1 acted as a bridging linker to
connect Zn(Il)-1,4-benzenedicarboxylate layers, giving a porous hydrophobic and water stable 3D
framework.®* In our continuing exploration of the synthetic and structural chemistry of these
carborane-based molecules, we have now synthesized two new disubstituted m-
carboranylpyridylalcohols (L1 and L2 in Scheme 2). It is readily envisaged that these carborane
based N-donor ditopic ligands are able to display various ligating topologies depending on the
relative orientation of the pyridyl rings with respect to the carboranyldiol spacer. Consequently, the
resulting CP architectures should be dependent on the ligand conformation and nitrogen position in
the aromatic ring. The ligand flexibility is expected to be higher in the case of the m-carborane
derivatives as the substituted carbons are farther away than in the o-carborane ones (V1 in Scheme
1). We are particularly interested in the effect that the flexibility of these N-donor ditopic ligands



may have on the crystal structures and networks but also in the potential use of these disubstituted
carboranes as linkers in CPs. Herein, we report the synthesis of two novel carboranylalcohol 1,7-
bis{(piridin-r -yl)methanol}-1,7-dicarba-closo-dodecaboranes (n’ = 3, L1; n’ = 4, L2) ligands, and
their reaction with different di-, tri- and tetratopic carboxylic acids and metal salts to form six new
extended CPs (Scheme 2). We present the syntheses, crystal structures, thermal properties and water
stability of the new CPs. In addition, we show the crystal sponge behavior and guest dependent

mechanical properties of one of these CPs.

Scheme 2. Representation of the ligands employed in this work and of the synthesis of CPs 1-6.
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EXPERIMENTAL SECTION

Materials and Characterization. Syntheses for the carboranylalcohol ligands were carried out
under nitrogen atmosphere in round-bottomed flasks equipped with a magnetic stirring bar, capped
with a septum. Tetrahydrofurane (THF) was distilled from Na/benzophenone. CP syntheses were
done in air. All chemicals were commercially available and used as received. IR ATR spectra were
recorded on a Perkin—Elmer Spectrum One spectrometer. *H, *C and B NMR spectra were
recorded respectively at 300, 75 and 96 MHz with a Bruker Advance-300 spectrometer in
deuterated dimethylsulfoxide, unless denoted, and referenced to the residual solvent peak for *H and
3C NMR or to BF3-OFEt, as an external standard for *'B NMR. Chemical shifts are reported in ppm
and coupling constants in Hertzs. Multiplets nomenclature is as follows: s, singlet; d, doublet; t,
triplet; br, broad; m, multiplet. Elemental analyses were obtained by a CarboErba EA1108
microanalyzer (Universidad Autonoma de Barcelona). The mass spectra were recorded in the
negative ion mode using a Bruker Biflex MALDI-TOF-MS [N laser; Aexc 337 nm (0.5 ns pulses);



voltage ion source 20.00 kV (Uisl) and 17.50 kV (Uis2)] with 3,5-dimethoxy-4-hydroxycinnamic
acid as the matrix. TGA-DSC from NETZSCH (heating rate: 10 °C/min; temperature range: 25 to
800 °C). Gas sorption (CO,/195K and N,/77K) measurements for 3 were performed using an
AutosorblQ (Quantachrome Instruments). Field-Emission Scanning Electron Microscopy (FE-
SEM) images were collected using a Quanta 650F Environmental Scanning Electron Microscopy
(Field Emission Inc, USA). Powder X-ray Diffraction (PXRD) patterns were recorded at room
temperature on an X Pert PRO MPD diffractometer (PanAnalytical) for Cu Ka (A = 1.5405 A).

Synthesis of the ligands and compounds

1,2-bis{(pyridin-3"-yl)methanol}-1,7-dicarba-closo-dodecaborane (L1). n-BuLi (1.02 mL,
1.44 M in hexane, 1.47 mmol) was added dropwise to a solution of m-carborane (105.8 mg, 0.73
mmol) in Et,O (10 mL) at 0 °C (ice/water bath) under nitrogen atmosphere. The mixture was stirred
at 0 °C for 30 min and at room temperature for 1 h to give a pale yellow suspension. The flask was
then cooled to -63 °C (chloroform/liquid N;), whereupon a solution of 3-pyridinecarboxaldehyde
(157.1 mg, 0.14 mL, 1.47 mmol) in THF (1 mL) was added. The resulting pale yellow solution was
stirred at -63 °C for 4 h. Then, a saturated aqueous solution of NH,CI (10 mL) was added at -63 °C.
The resulting mixture was taken out of the cooling bath and allowed to warm naturally to room
temperature while stirring. The aqueous phase was then extracted with Et,O (3 x 20 mL), and the
organic phases were dried over MgSQ,, filtered, and evaporated to dryness. The resultant dark
yellow oil was washed with n-pentane (2 x 10 mL). Then, fresh n-pentane was added and the
mixture was treated with ultrasound for c.a. 30 minutes. Afterwards, the slightly colored pentane
supernatant was removed. The same procedure was repeated until a light yellow solid was obtained
(2-3 times). After removing the solvent, the yellow solid was dried under vacuum affording pure L1
(200.9 mg, 0.56 mmol, 77 %). *H NMR: 8.50 (brs, 2H, CsH4N), 7.64 (brs, 2H, CsH4N), 7.63 (d, J =
7.8, 2H, CsH.N), 7.36 (dd, J = 8.1 Hz, 4.8 Hz, 2H, CsH4N), 6.58 (d, J = 5.1 Hz, 2H, OH), 4.89 (d, J
= 5.4 Hz, 2H, CHOH). B NMR: 0 to -20 ppm (br, 10B). °C NMR: 148.9 (CsH.N), 147.8
(CsH4N), 136.9 (CsH4N), 134.0 (CsH4N), 123.3 (CsH4N), 81.8 (Ceuster), 71.2 (CHOH). IR (ATR;
selected bands; cm™): v 3070 (OH), 2602 (BH). MALDI-TOF, m/z: M: 359.4 [M+H]". Elemental
analysis (%) calculated for B1oC140,N,H5,: C 46.9, H 6.2, N 7.8; found C 46.7, H 6.4, N 7.5.

1,2-bis{(pyridin-4"-yl)methanol}-1,7-dicarba-closo-dodecaborane (L2). L2 was synthesized
using the same procedure described above, but using n-BuLi (4.49 mL, 1.55 M in hexane, 7.0
mmol), m-carborane (502.4 mg, 3.5 mmol), THF (25 mL), 4-pyridinecarboxaldehyde (0.7 mL, 7.0
mmol), and an acetonitrile/liquid N, cooling bath (-41 °C). The resulting pale-yellow solution was
stirred at -41 °C for 4 h. Then, a saturated aqueous solution of NH4CI (10 mL) was added at -41 °C.
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The resulting mixture was taken out of the cooling bath and allowed to warm naturally to room
temperature while stirring. Then, Et,O (15 mL) was added while stirring. A white solid precipitated
after ~ 20-25 min, which was filtrated, washed with water and Et,O, and dried under vacuum
affording pure L2 (1.16 g, 3.23 mmol, 92.3 %). *H NMR 8.53 (d, J = 6.0 Hz, 4H, CsHJN), 7.23 (d, J
= 6.0 Hz, 4H, CsHuN), 6.64 (d, J = 5.1 Hz, 2H, OH), 4.83 (d, J = 5.1, 2H, CHOH). !B NMR: -
11.36 (br, 10B). *C NMR: 149.9 (CsH4N), 149.3 (CsH4N), 127.8 (CsHsN), 81.0 (Couster), 72.2
(CHOH). IR (ATR; selected bands; cm™): v 3093 (OH), 2590 (BH). MALDI-TOF, m/z: M: 359.4
[M+H]". Elemental analysis (%) calculated for B1oC140,NzH2: C 46.9, H 6.2, N 7.8; found C 46.5,
H6.2, N 7.6.

[Co3(BDC)3(L1)(DMF),]-2DMF (1). Co(NO3),-6H,0 (48.7 mg, 0.167 mmol) was mixed with
L1 (20 mg, 0.054 mmol) and H,BDC (13.8 mg, 0.167 mmol) in 4 mL of DMF/ethanol (1:1). This
mixture was sonicated until all solids were uniformly dissolved, followed by heating at 100 °C for
24 h. Violet flake-like crystals of 1 were collected and washed with DMF (45.3 mg, 68.5 %). IR
(ATR; selected bands; cm™): v 3426 (OH); 2931, 2861 (CH); 2531 (BH); 1657 (C=0 from DMF);
1617 (C=0 from carboxylate). Elemental analysis (%) calculated for Co3CsoHe2B10NgO15: C 45.5, H
4.7, N 6.4; Found: C 45.0, H 4.6, N 6.2.

[Co3(BDC)3(L2)(DMF),]-3DMF:6H,0 (2). 2 was obtained by mixing Co(NOs),-6H,0O (48.7
mg, 0.167 mmol), L2 (20 mg, 0.054 mmol) and H,BDC (13.8 mg, 0.167 mmol) in 4 mL of
DMPF/ethanol (1:1). This mixture was sonicated until all solids were uniformly dissolved, followed
by heating at 100 °C for 24 h. Violet flake-like crystals of 2 were collected and washed with DMF
(50 mg, 61.7 %). IR (ATR; selected bands; cm™): v 3200 (OH); 2963, 2923, 2885 (CH); 2617
(BH); 1656 (C=0 from DMF); 1598 (C=0 from carboxylate). Elemental analysis (%) calculated for
Co03Cs3Hg1B10N7O25: C 42.4, H 5.4, N 6.5; found: C 42.0, H, 5.0, N 7.0.

[Zn4(BTB)2(L2)(OH),)(H20)2]-5H,0- 4DMF (3). 3 was obtained by mixing Zn(NOs),-6H,0
(33.2 mg, 0.112 mmol), L2 (10 mg, 0.027 mmol) and H3BTB (23.6 mg, 0.054 mmol) in 2 mL of
DMF/ethanol/H,O (2:1:1). This mixture was sonicated until all solids were uniformly dissolved,
followed by heating at 85 °C for 48 h. Colorless block crystals of 3 were collected and washed with
DMF (48.5 mg, 89%). IR (ATR; selected bands; cm™): v 3350 (OH); 2933, 2964, 2865 (CH); 2617,
2554 (BH); 1660 (C=0 from DMF); 1610, 1585 (C=0 from carboxylate). Elemental analysis (%)
calculated for Zn,CgoHgsO23B1oNg: C 49.5, H 4.9, N 4.3; Found: C 50.0, H 4.7, N 4.7.

[Co3(BTB)2(L2);]-4DMF (4). Co(NO3),-6H,0 (31.43 mg, 0.108 mmol) was mixed with L2 (10
mg, 0.027 mmol) and H3sBTB (23.6 mg, 0.054 mmol) in 2 mL of DMF/ethanol/H,O (2:1:1). This
mixture was sonicated until all solids were uniformly dispersed, followed by heating at 100 °C for
48 h. Red-violet crystals of 4 were collected and washed with DMF (28 mg, 81.7%). IR (ATR;
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selected bands; cm™): v 3298 (OH); 2931, 2829 (CH); 2607 (BH); 1662 (C=0 from DMF); 1602
(C=0 from carboxylate). Elemental analysis (%) calculated for Co3Cg4H102B20NgO20: C 53.4, H 5.0,
N 5.2; Found: C53.2, H5.1, N 5.3.

[Zny(TCPB)(L2)]-2DMF (5). 5 was obtained by mixing Zn(NOgs),-:6H,O (11.06 mg, 0.037
mmol), L2 (20 mg, 0.054 mmol) and H,TCPB (20.8 mg, 0.037 mmol) in 2 mL of
DMF/ethanol/H,O (2:1:1), and one drop of concentrated HCI. This mixture was sonicated until all
solids were uniformly dissolved, followed by heating at 80 °C for 48 h. Pale yellow crystals of 5
were filtered and washed with DMF (14.9 mg, 67.4%). IR (ATR; selected bands; cm™): v 3434
(OH); 2927, 2859 (CH); 2604(BH); 1653 (C=0O from DMF); 1609 (C=0 from carboxylate).
Elemental analysis (%) calculated for Cs4Hs4B1gN4O12Zn,: C 54.51, H 4.57, N 4.71; Found: C
54.70, H 4.58, N 4.70.

[Co,(TCPB)(L2)(H,0)(H,O)(DMF)]-2.7DMF (6). 6 was obtained by mixing Co(NO3),-6H,0
(16.3 mg, 0.056 mmol), L2 (10 mg, 0.027 mmol) and H,TCPB (15.6 mg, 0.027 mmol) in 2 mL of
DMPF/ethanol/H,O (2:1:1). This mixture was sonicated until all solids were uniformly dissolved,
followed by heating at 80 °C for 48 h. Violet crystals of 6 were collected and washed with DMF
(29.73 mg, 79.8%). IR (ATR; selected bands; cm™): v 3374 (OH); 2925, 2872 (CH); 2616 (BH);
1647 (C=0 from DMF); 1608 (C=0O from carboxylate). Elemental analysis (%) calculated for
CeoH72B10C0,Ng016: C 53.02, H 5.34, N 6.18; Found: C 51.50, H 5.20, N 6.05.

Crystallography. Measured crystals were prepared under inert conditions immersed in
perfluoropolyether or paratone as protecting oil for manipulation. Suitable crystals were mounted
on MiTeGen Micromounts™, and these samples were used for data collection. Crystallographic
data for 1 and 3 were collected at 100K at XALOC beamline at ALBA synchrotron® (A = 0.79000
A for 1 and A = 0.82653 A for 3). Data for 3 were indexed, integrated and scaled using the XDS and
IMOSFLM programs, and absorption corrections were not applied. For 1, data were processed with
CrysAlisPro programs and corrected for absorption using the SCALE3 ABSPACK algorithm
implemented in CrysAlisPro. Crystallographic data for 4, 5 and 6 were collected with a Bruker D8
Venture diffractometer, processed with APEX2% program and corrected for absorption using
SADABS.* The structures were solved by direct methods and subsequently refined by correction of
F2 against all reflections.®® All non-hydrogen atoms were refined with anisotropic thermal
parameters by full-matrix least-squares calculations on F2.3® Hydrogen atoms were inserted at
calculated positions and constrained with isotropic thermal parameters in 3. For the rest of
structures, all hydrogen atoms were located in difference Fourier maps and included as fixed
contributions riding on attached atoms with isotropic thermal displacement parameter 1.2 (C-H, B-

H) or 1.5 (O-H) times those of the respective atom. In 3, the disorder associated with the oxygen
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atom of the crystallized water molecule hindered the localization of its hydrogen atoms. The
contribution of the disordered solvent molecules to the diffraction pattern could not be rigorously
included in the model and were consequently removed with the SQUEEZE routine of PLATON (for
3) or with the mask tool implemented in Olex2 (for 4, 5 and 6). 1 was treated as a two component
non-merohedral twin, the exact twin matrix identified by the integration program was found to be 1
00.50-1000 -1. The structure of 1 was solved using direct methods with only the nonoverlapping
reflections of component 1. The structure was refined using the HKLF 5 routine with all reflections

of component 1 (including the overlapping ones), resulting in a BASF value of 0.373(4).

Attempts to obtain suitable single crystals of 2 were unsuccessful. However, it was possible to
obtain the unit cell parameters from its powder pattern by comparison with that for 1, assuming that
both compounds crystallize in the monoclinic C2/c space group and due to the similarity between
the powder data for both compounds. Le Bail refinement was carried out with the software Topas
4.2 (Bruker AXS) and using the cell parameters for 1. The refinement yielded the following cell
parameters: C2/c, a = 37.907, b = 9.067, ¢ =17.420 and = 95.135, with excellent agreement
indicators (Rwp = 1.22 %, Rp = 2.29 %, Rexp = 1.67 %). A summary of crystal data is reported in
Table 1, and the selected bond distances and angles for L2 (Figure S1), 1 and 3-6 are listed in Table
S2.



Table 1. Crystal and Structure Refinement data for L2 and 1-6.

Compound L2 1 2 3 4 5 6
Empirical CsoHes2B10 CegHasB1o CesHgsB2o Cr2HosB1o Cs9.10H67.90B10
formula C14H2B10N20; NsO15C03 N,017Zn, NgO15C03 N10015ZN; N5.7001570C0;
Formula weight 358.44 1319.95 1540.71 1910.63 1628.42 1335.25
Crystal system Tetragonal Monoclinic Monoclinic Monoclinic Triclinic Triclinic Monoclinic
Space group P4,2,2 C2/c C2/c Pn P-1 P-1 P2./c
Unit cell dimensions
a(A) 7.51260(10) 34.542(7) 37.907 18.5945(10) 14.9086(4) 11.6364(5) 16.2470(9)
b (A) 9.5651(19) 9.066 8.0800(5) 15.3237(4) 15.5850(6) 21.0403(9)
c(A) 33.7525(6) 18.011(4) 17.420 30.2904(19) 15.6621(5) 18.8230(8) 22.8395(11)
o (deg) 67.5200(10) 86.4230(18)
B (deg) 97.71(3) 95.135 90.819(2) 62.9120(10) 82.8690(19) 105.811(2)
v(deg) 69.2370(10) 89.7220(19)
V (A% 1904.96(5) 5897(2) 5962.6 4550.5(5) 2871.90(15) 3380.6(2) 7512.1(6)
z 4 4 2 1 2 4
F (000) 744 2716 1564 983 1704 2768
0 (range) 5.24-66.58 2.46-28.05 1.277-25.023 2.629-28.321 2.370-66.598 2.334-25.060
Max./min.

transmission 0.9728/0.9264 0.7467/0.4052 0.7452/0.2826 0.7457/0.6447 0.7528/0.6338 0.7452/0.2826
Ind refln (Riy) 1666 (0.0481) 5155 (0.0594) 15879 (0.1216) 14224 (0.0336) 11752 (0.0509) 12998 (0.1505)
Final R indices R1=10.0472 R1=0.0781 R1=0.0759 R1=0.0388 R1 = 0.0736 R1=0.0678
[I>20(D)] wR2 =0.1199 WR2 = 0.2264 wWR2 = 0.1858 WR2 =0.1142 WR2 = 0.1979 wR2 =0.1790




RESULT AND DISCUSSION

Synthesis and Characterization. Following our previous reports, 2 “°

two new bis-pyridylmethyl
alcohols derived from the m-carborane cluster, L1 and L2 (Scheme 2), were prepared by the
reaction of dilithiated m-carborane with the corresponding aromatic aldehydes at low temperature
and isolated in high yields (77-92%). Both alcohols were fully characterized by standard
spectroscopic and analytical techniques.® In addition, the molecular structure of L2 was
unequivocally established by single crystal X-ray diffraction (SCXRD) (Figures S1-2), which was
in agreement with the NMR data. Solvothermal reactions (DMF/EtOH or DMF/EtOH/H,0O
mixtures at 85 °C or 100 °C) of these m-carborane ligands with 1,4-benzenedicarboxylic acid
(H2BDC), 1,3,5-benzenetribenzoic acid (HsBTB) or 1,2,4,5-benzenetetrabenzoic acid (H,TCPB) in
the presence of M(NOg3), (M = Co and Zn) provided crystalline CPs 1-6 in good yields and as pure
phases (Scheme 2). IR spectra showed the characteristic broad B-H stretching bands from the
carborane (in the range 2617~2531 cm™), and the C=0 vibration of the carboxylate groups and the
DMF solvent molecules (Figure S3). Crystal structures of these CPs were determined by SCXRD,
and their simulated powder X-ray diffraction (PXRD) patterns compared with their experimental
ones, confirming their phase purity (Figures S4-S9). SEM and optical images of these CPs also
showed the formation of homogeneous crystalline samples (Figure S10). TGA data for 1-6 (Figures
S11-S16) showed a first weight loss (13-29 %) in the range of 95-350 °C, which corresponds to the
release of solvent molecules (see ESI for details), followed by their decomposition starting at 350
°C. Gas sorption measurements showed that all these CPs are non-porous to gases.

Crystal Structures. Suitable crystals for SCXRD were obtained for 1 and 3-6. 2 was identified by
indexing the as-synthesized XRPD patterns resulting in lattice constants similar to that for 1 (Table
1). 1 crystallized in the monoclinic space group C2/c, whereas 3 crystallized in the monoclinic Pn
space group. 4-5 crystallized in the triclinic P-1 space group, and 6 in the monoclinic P2;/c one.

[Co3(BDC)3(L1)(DMF);]-2DMF (1) and [Co3(BDC)3(L2)(DMF),]-3DMF-6H,0 (2). 1 and 2 are
two closely related isomorphous CPs. Single crystal analysis of 1 revealed the formation of a 3D
framework based on pinwheel [Co3(CO0)sO2N>] units (Figure 1a). These units, which have also
been observed in other related MOFs,*" are linear trinuclear cobalt cluster in which the central
Co(2) atom resides at a crystallographic inversion center and adopts an octahedral geometry {Og}-
coordinated to six neighboring BDC ligands (Figure 1a). Both symmetry related terminal Co(1)
atoms are {NOs}-octahedrally coordinated to one L1 ligand, to four O atoms of three BDC ligands
and to one O atom of one DMF molecule. As shown in Figure 1a, BDC ligands adopt two distinct
coordination modes: the bridge bidentate p-kO:xO” and the bridge bidentate chelate p-k?0,0":kO’
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modes.* In this structure, each trinuclear Co(ll) cluster is connected to six BDC units forming
layers extended in the bc plane (Figure 1c). These layers are then linked by the pillaring L1 ligand
with a N-N distance of 12.15 A along the a axis (Figure 1b,d), giving rise to a compact 3D structure
(total solvent-accessible volume accounts for ~ 2.9% of the unit cell volume, as estimated by
Platon).*> The hydroxyl groups of the L1 ligand establish O—H--O hydrogen bonds with the
crystallized DMF molecules (H--O, 1.763 A; OHO, 161.8°). Since 1 and 2 are isomorphous, the
unit cell parameters of 2 could be determined by PXRD-indexing of as-synthesized 2, showing a
3.36 A of enhancement in the a parameter. This increase can be associated with the higher N-N

distance in L2, which connects the 2D-layers along the a axis (Figure 1d, Table 1).

a b

Odmf Col

Col Co2 Odmf

Figure 1. Crystal structure of 1: a) view of the trinuclear Co(ll) cluster and coordination environment of the
Co(Il) centers; b) view of two trinuclear Co(ll) cluster units interlinked by a L1 ligand; c) 2D {Co;-BDC}

layers; and d) 3D pillared structure (L1 in orange). Coordinated DMF molecules are omitted for clarity.

[Zn4(BTB)2(L2)(OH),)(H20),] -5H,0-4DMF (3). The fundamental building unit of 3 are tetranuclear
([Zn402(CO0)sN>] clusters, in which the four Zn(l1) ions are connected through six BTB and two
L2 ligands (Figure 2a). Zn(1) and Zn(2) are hexacoordinated with {O¢} and {NOs} environments,
respectively. Zn(1) is coordinated to four O atoms of three different BTB ligands and to two O
atoms of two OH groups. Zn(2) is coordinated to one L2 ligand, to three O atoms of three BTB
ligands, to one OH group and to one water molecule. Zn(3) and Zn(4) are {NOs}- and {O4}-
tetracoordinated. These metal centers are coordinated to two O atoms of two BTB ligands, to one
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OH group and to one L2 ligand for Zn(3) or to one water molecule for Zn(4). The BTB ligands
exhibit three different coordination modes: monodentate (xO), bridge bidentate (u-xO:xO") and
bridge bidentate chelate (u-x’0,0":k0") modes. In 3, the connection of the tetranuclear Zn(I1) units
through the BTB linkers creates a 3D honeycomb-like network (Figure 2c). In this network, L2
ligands bridge two tetranuclear Zn(11) units with a N-N distance of 12.20 A, creating zig-zag chains
that run along the ac plane (Figure 2d). Overall, this framework exhibits 1D-channels running along
the b axis, which are occupied by highly disordered DMF molecules that were masked by Olex2.*
The total solvent-accessible volume of 3 accounts for approximately 33.3% of the whole crystal
volume, as estimated by PLATON.** Hydroxyl groups of the carborane moiety are pointing to the
interior of the honeycomb pores, and they are likely establishing H-bonds with the squeezed solvent

molecules.

Figure 2. Crystal structure of 3: a) view of the tetranuclear Zn(Il) unit and coordination environment of the
Zn(I1) metal centers; b) view of two tetranuclear Zn(ll) units interlinked by a L2 ligand; and c-d) 3D-

honeycomb net (L2 is omitted in ¢ and is represented in orange in d).

[Co3(BTB)2(L2),]-4DMF (4). As shown in Figure 3a, the basic building unit of 4 consists of a
trinuclear [Co3(COO)sN,] unit. This unit is similar to that found in 1, except that the terminal DMF
molecules are here exchanged by two L2 ligands. Each BTB ligand adopts the bridge bidentate (-
kO:x0") and the bridge bidentate chelate (u-k*0,0":x0") coordination modes, connecting a total of
six Co(ll) centers. In 4, each trinuclear Co(lIl) unit is coordinated to six different BTB ligands, thus

creating six-pointed star fashion layers running along the bc plane (Figure 3b). Then, these layers
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are pillared by L2 ligands resulting in a 3D framework that exhibits 1D channels along the b axis
(Figure 3d). These channels are occupied by highly disordered DMF molecules that were masked
by Olex2.*® The total solvent-accessible volume in the channels account for approximately 35.7%
of the whole crystal volume, as estimated by PLATON.* Once again, the flexibility of these
carborane ligands was evident as the association of layers is carried out by two carborane ligands

that adopt an almost L-shape (Figure 3c).

Figure 3. Crystal structure of 4: a) view of the trinuclear Co(ll) unit and coordination environment of the
Co(Il) ions; b) six-pointed star fashion layer; ¢) view of two trinuclear Co(ll) units interlinked by two L2

ligand adopting a L-shape; and d) 3D pillaring framework (L2 is represented in orange).

[Zny(TCPB)(L2)]-8DMF (5). The building unit of 5 is a paddle-wheel [Zn,(COO)4N,] cluster
(Figure 4a). In this unit, the Zn(Il) ions are {NO4}-pentacoordinated. The values of the Addison
parameter t** indicates that both Zn(11) centers adopt a square pyramidal geometry (0.054 for Zn1
and 0.059 for Zn2) coordinated to four O atoms of four different TCPB linkers occupying the basal
position and to one N atom of the L2 in the apex position with a Zn-N distance of 2.030(4) A. In
this structure, each TCPB ligand is fully deprotonated and coordinates four paddle-wheel units in a
bridge bidentate mode (u-xO:xQ"), creating 2D layers in the ab plane (Figure 4b). These layers are
further pillared by L2 linkers with a N-N distance of 12.04 A (Figure 4c), resulting in a 3D 2-fold

interpenetrated framework (Figure 4d).*®
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Figure 4. Crystal structure of 5: a) view of the Zn(11) paddle-wheel unit; b) 2D layer; ¢) 3D pillaring structure
(L2 is represented in orange); and d) two-fold interpenetrated framework, highlighting each one of the

pillaring structures in red and blue.

[Cox(TCPB)(L2)(H20)(u-H,O)(DMF)]-2.7DMF (6). As shown in Figure 5a, the building unit of 6
is a dinuclear [Co,(COOQ)4N;] cluster, in which both Co(ll) centers are {NOs}-hexacoordinated.
Co(1) is coordinated to two O atoms from two TCPB ligands, to one DMF molecule, to one bridge
and one terminal water molecule and to one N atom from one L2 linker, whereas Co(2) is
coordinated to four O atoms from four different TCPB ligands, to the bridge water molecule and to
the N atom of one L2 linker. The TCPB ligands coordinate the dinuclear Co(ll) units in a bridge
bidentate (U-xkO:x0") and a monodentate (kO) coordination mode (Figure 5b). The structure of 6
consists on bidimensional square grid layers built up from connecting each dinuclear Co(ll) unit to
four TCPB ligands and each TCPB ligand to four Co(ll) units (Figure 5b). In this structure, L2
ligands are not involved in increasing the structural dimensionality of 6. Instead, the U-shape
orientation of L2 bridges two Co(ll) atoms of the same layer with a Co-Co distance of ~11 A
(Figure 5b,c). These layers are packed through several O-H---O H-bonds involving the coordinated
water molecule and the O atom of a carboxylate group (Figure 5d).
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Figure 5. Crystal structure of 6: a) view of the dinuclear Co(ll) unit; b) square grid layer extended along the
ab plane (L2 connecting two Co(ll) centers in the same layer is represented in orange); c) view of two
dinuclear Co(ll) units bridged through one L2 ligand; and d) 3D packing of the coordination layers through

Ow-H---O H-bond interactions (represented as black dotted lines).

The flexibility of both L1 and L2 ligands is reflected in the variety of generated structures
(Figures 1-5 and Figure S2). Overall, these carborane-based ligands can have two major roles in the
CP structures: (i) act as pillars, being involved in the dimensionality of the final CP structure; and
(ii) act as decorative ligands in order to complete the coordination sphere of the metal centers. In
either case, it is known that introducing hydrophobicity on the internal surface of the structure
and/or sterics around the metals can increase the hydrolytic stability of the coordination structure.*®
*"In our case, the use of the hydrophobic carborane-based L1 and L2 ligands may increase the
water stability of the related CPs. To study this water stability, the different CPs were immersed in
liquid H,O overnight at room temperature. Analysis of the recovered crystalline solids by PXRD
revealed that only 3 and 4 retained their structure after this incubation time, as no change in their
PXRD patterns were observed (Figures S17). We are currently investigating whether the proximity

of the mCB cages to the metals could be responsible for the different hydrolytic stability of 3 and 4.
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Guest Encapsulation of 4. Motivated by the relatively large solvent accessible volume of 4 (~36%)
and the large size and morphology of the crystals (Figure S10d), we decided to study whether this
CP could act as a crystalline sponge for guest molecules and whether some specific host-guest
interactions could be observed.® " As mentioned above, the as-prepared 4 contains DMF molecules
as guest; so, hereafter it will be named as 4 > DMF. To study its guest-exchange capabilities, the
as-prepared crystals of 4 > DMF were immersed in an excess of several selected organic solvents
for 24-48 h, and the exchange was monitored by IR-ATR following the changes in the C=0
stretching band of DMF. Remarkably, complete post-synthetic exchange of DMF guest molecules
was achieved in methanol, chloroform, benzene, toluene, nitrobenzene and 1-nitropropane, but no
significant exchange was observed for cyclohexane, hexane and carbon tetrachloride. The different
nature of the solvents that replaced the DMF in 4 > DMF prompted us to study more in detail the
sponge behavior of this particular CP. Structural characterization using SCXRD showed that guest
exchange processes resulted in 6 new structures, including 4> MeOH (methanol), 4 > CHCI;
(chloroform), 4 > NP (1-nitropropane), 4 > NBz (nitrobenzene), 4 > Bz (benzene) and 4 o Tol
(toluene). Crystal and data collection details can be found in Table S1 (ESI). All guest-containing
structures 4 o Guest were found to crystallize in the same centrosymmetric space group P-1,
showing an expansion (Bz < NP < Tol < NBz), a contraction (MeOH) and almost no change
(CHCI3) of the unit cell parameters when compared with the as-prepared 4 > DMF. The higher
expansion of the unit cell was found in 4 > NBz and 4 > Tol with a volume increase of 140 A® and
71 A® respectively. DMF and MeOH molecules in 4 > Guest structures were highly disordered, so
that the solvent masking procedure implemented in Olex2* was used to remove the electronic
contribution of solvent molecules from the refinement. CHCI; and NP were partially masked, but
aromatic solvents (benzene, toluene and nitrobenzene) were clearly located and refined (Table S1
and Figure 6).
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Figure 6. Plots of the X-ray crystal structures for 4 > Guest, viewed along the b axis: a) DMF, b)
chloroform, c) 1-nitropropane, d) benzene, e) nitrobenzene and f) toluene. Guest molecules are
shown with colors corresponding to equivalent sites. The framework is shown in grey, except for
L2, that are represented in orange. H atoms are omitted for clarity. The plane orthogonal to the L2
linkers {100} is highlighted in red.

The possibility to solve the X-ray crystal structure of the different 4 > Guest (Figure 6)
allowed us to further analyze the nature of the host-guest interactions (Tables 2-3 and Figures S18-
S22). In the case of 4 > CHCI3 and 4 o NPr, one guest molecule was found in the asymmetric unit
(Figures 7b-c). Here, whereas the nonpolar CHCI3; molecule interacts with the aromatic rings of the
BTB molecules by C-H--m interactions, the polar aprotic NP mainly establishes H-bond
interactions with the OH groups of L2. For 4 > NBz, 4 o Bz and 4 o Tol, it was possible to
precisely refine all aromatic guest molecules inside the framework (Figure 6d-f), probably due to
the large number of host-guest interactions present in these solvates/structures (Tables 2-3 and
Figures S20-S22). Hydroxyl groups of L2 establish classical H-bond interactions with NBz
molecules in 4 > NBz (Figure S20a), whereas O-H:--x interactions are observed in 4 o Bz and 4 o

Tol (Figures S20, S22). The aromatic nature of these guest molecules allows establishing C—H--*xt
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and = -m interactions with either BTB or L2 linkers. Interestingly, the carborane core also

participates in host-guest interactions via weak C—H--*H-B interactions, as observed in 4 o Bz and

4> Tol.#8

Table 2. Geometrical parameters of host-guest contacts (A, ©), involved in 4 > Guest structures.
For C-H---& contacts, geometries are given with respect to the aromatic centroid M."

Guest D-H-.-All d(H---A) <(DHA) <(HHB)
Host-Guest
CHCl, (CHCI3) C(62)-H---M 2.367 171.86 -
Guest-Guest
Host-Guest
(L2) O(22B)-H---0(62) 2.451 156.0 -
NPr (L2) O(22B)-H---0O(64) 1.809 125.8 -
(NPr) C(65)-H(A)---M 2.476 143.3 -
Guest-Guest
Host-Guest
(L2) O(22A)-H:---0(82) 2.368 143.9 -
(L2) C(19)-H---0(92) 2.651 122.4 -
(L2) C(20)-H---0(92) 2.577 124.4 -
NBz (BTB) C(54)—H--- O(93)’ 2.633 160.6 -
(L2) C(17)-H---M 2.820 145.3 -
(NBz) C(99)-H---M 2.660 153.6 -
Guest-Guest
C(97)-H--- O(72) 2.483 132.9 -
Host-Guest
(L2) O(01M)-H--- C(95) 2.648 165.3 -
(L2) O(01M)-H--- C(90) 2.702 150.6 -
(BTB) C(45)—H--- C(90) 2.640 159.5 -
Bz (BTB) C(43)-H---M 2.943 139.8 -
(Bz)C(82)-H---M' 2.704 155.2 -
(Bz) C(80)-H---H-B(2) 2.246 130.4 157.7
Guest-Guest
C(96)-H---M 2.969 121.0 -
Host-Guest
(L2)O(022A)-H--- C(84) 2.648 154.7 -
(L2) O(022A)-H--- C(85) 2.654 156.1 -
Tol (Tol) C(73)-H---M 2.692 147.6 -
(Tol) C(71A)-H---H-C(37) 2.313 129.4 131.3
Guest-Guest
C(71B)-H--- M 2.949 130.0

[a] See Figures S17-S21 in ESI for XRD representations of the contacts. [b] O-H bond lengths are not normalised to neutron

distances. Symmetry codes (i) -x,1-y,1-z.
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Table 3. Arene-arene packing geometries (A, °), involved in 4 > Bz and 4 D

Tol.™
LHe
-
: €D
M= Centroid
Interplanar
Guest distance  angle  d™ Hd™ o
3.396 11.39  3.890 1.897 29.2
Bz
3.082 2253  3.988 2.531 39.4
Tol 3.3971" 10.11  3.848 1.808 28.0

[a] See embedded Chart at the top for nomenclature and Figures S19 and S21 in ESI. [b] Ring centroid to ring
centroid distance. [c] Ring normal to vector between the ring centroids. [d] Shortest carbon-carbon distance
(C24-C92). [e] Shortest carbon-carbon distance (C36-C98). [f] Shortest carbon-carbon distance (C24-C82).

Nanomechanical Properties of 4 > Guest. Mechanical tunability of CP/MOFs as a result
of strong host—guest interactions represents nowadays a challenging approach for the development
of novel applications.® ** The mechanical properties of a number of CP/MOFs, such as MOF-5,>"
%2 7IFs>® and soft porous crystals of the type [Zna(L)(dabco)], (L = 1,4-benzenedicarboxylate
derivatives, dabco = 1,4-diazabicyclo[2.2.2]octane), have been investigated experimentally.>* The
latter is an interesting example that is closely related to our findings. It was found that the
mechanical properties of [Zny(L,)(dabco)], are primarily dependent on the detailed network
geometry and the precise orientation of the molecular building blocks within the porous framework,
but not to specific guest-framework interactions. However, in this study, the authors demonstrated
that guest molecules influence the framework geometry (e.g. tilt angle and bending of linkers) of
this family of CPs and therefore, their mechanical properties. On another study, effects of pore
occupancy on elasticity were proved on ZIF-8 single-crystals, where a decrease (~ 7%) in elasticity
(E) was observed on desolvation.™

The series of guest-containing structures 4 > Guest in this work represents an ideal platform
for studying the mechanical properties of such porous materials. Indeed, as shown in the previous
section, the guest molecules affect the volume of the structures (Table 1) but not the symmetry of
the framework (neither tilt angle nor bending of linkers was observed). Thus, we hypothesized that
any variation on the mechanical properties for the 4 > Guest structures should be related to the
nature of the guest molecules and/or the specific host-guest interactions.

Single-crystal nanoindentation experiments were performed under conventional quasi-static
stiffness using Berkovich pyramidal-shaped diamond tip operating in the load control mode (see

ESI for details). Single measurement mode using crystals of 4 > Guest (Guest = DMF, CHCls,
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NPr, NBz, Bz, Tol and MeOH) were carefully selected, and the {100}-oriented facets were oriented
normal to the indenter axis. Note here that the anisotropic of the single crystals of 4 > Guest
enabled indexing their plate face, which was identified as the {100} plane (Figure 6a and S23).
Measurements were done after taking the crystals from the appropriate solvents (within 5 h) and
crystallinity of the measured samples were confirmed a posteriori by PXRD and optical microscope.
Solvent loss and amorphization were observed in crystals being in air for over 24 h in all cases,
expect for CHCI3; and MeOH that did after 10 h (Figure S24). Averaged data is listed in Table 4.
The nanoindentation results on 4 > Guest revealed significant variations in the Young’s modulus

(E) depending on the guest.

Table 4. Mechanical properties of different 4 > Guest on the {100}-oriented facets determined by
nanoindentation experiments. E is the elastic modulus and H the hardness. All samples were
measured right after taking them out of the solvents and slightly dried on a filter paper.

Guest E/GPa H/GPa

CHCl, 0.556(36) 0.078(8)

Nitropropane 1.20(13) 0.203(28)

MeOH 1.367(65) 0.272(18)
DMF 1.71(17)  0.197(27)
Toluene 1.75(15)  0.250(28)

Nitrobenzene 1.83(13) 0.471(43)

Benzene 2.67(28)  0.322(56)

The elastic modulus of 4 can vary for a factor or nearly 5 for the {100} crystallographic
orientation by simply exchanging the guest molecules. The average moduli Efi003 are in the range
between 0.6 to 2.7 GPa. These values are comparable to other porous MOFs.™ ** It is however
interesting that higher elastic modulus of 4 were observed when aromatic solvent molecules or
DMF were occupying the voids (1.71-2.67 GPa). On the other hand, sensibly smaller elastic
modulus was observed when non aromatic polar solvent molecules (MeOH, 1.37 GPa;
Nitropropane, 1.20 GPa) or the non polar CHCI3; (0.56 GPa) are filling the 4 pores. The hardness
along the same {100} crystallographic orientation also reveals an increase, although not as
pronounced, as a function of the adsorbed guest. Hg100y Values are in the range between 0.20-0.47

GPa, except that for the CHCI; guest structure that provides a sensibly lower value (0.08 GPa).
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As hypothesized above, any variation on the mechanical properties for our 4 > Guest
structures should be related to the nature of the guest molecules and/or the specific host-guest
interactions. The mechanical response of the {100}-oriented facets is mainly dominated by the
L2-pillars, which interconnect the 2D {Co-BTB} layers (Figures 3 and 6). In all 4 o Guest
structures, the L2-pillars are at the same angle respect to the {100} crystals facets, so that
comparable E and H values should be obtained based on the networks geometries.>* This suggests
that the observed specific host-guest interactions have an impact in the mechanical properties of 4.
Solvates with higher number of host-guest interactions show higher Young’s moduli and higher
hardness (Young's moduli is 5 times higher in 4 > Bz than in 4 > CHCIs). In contrast, lower elastic
modulus and hardness was found in 4 > CHCI3, in 4 > NPr and in 4 > DMF, where the guest
molecules are highly or partially disordered, which suggests very weak or non-specific host-guess
interactions are taking place in these cases. On the contrary, aromatic solvents show a high number
of specific interactions with the framework of 4, and consequently, high elastic modulus and

hardness values.

CONCLUSIONS

In conclusion, we have reported the synthesis and characterization of six new CPs obtained from the
reaction between two novel m-carborane bispyridilalcohol ligands and different di-, tri- and
tetracarboxylic linkers with M(NO3), salts (M = Zn and Co). The flexibility of the carborane
moieties is reflected in the structural diversity of the generated coordination networks, showing in
most of the cases their ability to increase the dimensionality of the final framework by acting as
pillar ligands. Complete post-synthetic exchange of DMF guest molecules by a variety of organic
solvents was achieved in one of these CPs. This CP (named as 4) acts as a crystalline sponge
showing a higher affinity for aromatic guest molecules due to the presence of a large number of
host-guest interactions (O-H-w, C-H''w, m'n and weak C—H-*H-B). This high number of
interactions is probably the reason to render the aromatic guest molecules regularly ordered in the
X-ray structures, unlike other non-aromatic molecules. The nanoindentation experiments on 4 o
Guest suggest that a higher number of host-guest contacts has also an effect on the hardness and
Young’s moduli values, which can be five times higher (e.g. 4 o Bz versus 4 > CHCls3). Thus, our
work provides an easy route to synthesize new m-carborane derivatives as linkers for CP
preparation. In this line, we are currently investigating the synthesis of other CP systems based on

carborane-based N-heterocyclic bases.
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