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Reacting biphenyl-3,4’,5-tricarboxylic acid (HsBHTC) with the appropriate metal salt yields the microporous
coordination polymers (MCPs) Mn3(BHTC), (1), Mg?(BHTC)g (2), and Co3(BHTC), (3) containing hourglass metal
clusters. The addition of Cu to reactions with Co", Fe"", or Mn" leads to the formation of heterobimetallic UMCM-150
isostructural analogues Co4Cuy(BHTC), (4), Fe;Cux(BHTC), (5), and Mn;Cus(BHTC), (6) containing both
paddlewheel and trinuclear metal clusters. X-ray diffraction analysis of the crystals of the heterobimetallic MCPs
suggests that Cu on the trinuclear site of UMCM-150 was replaced by the other metal, whereas Cu in paddlewheel
sites remains unchanged. N, sorption isotherms were measured for the mixed-metal UMCM-150 analogues, and it
was confirmed that there is no structural collapse after the metal replacement.

Introduction

The recent explosion in the number of porous coordination
polymers reported has been fueled primarily through a
combination of new organic linker design and the realization
of many possible modes from the connection of these units by
metals and metal clusters.' ™ Recently, we disclosed the
utility of biphenyl-3,4’,5-tricarboxylic acid (H;BHTC) in
the production of a microporous coordination polymer
(MCP) based on coordination to Cu™.'® One unprecedented
feature of this material, dubbed University of Michigan
Crystalline Material 150 (UMCM-150), is the presence of
trinuclear copper clusters. The formation of a new secondary
building unit (SBU) could be significant for novel MCP
construction, and therefore testing the generality of this motif
is desirable. Here we report studies on homometallic and
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heterobimetallic MCPs derived from this linker and find that
structures based on UMCM-150 as well as those with an
hourglass structure can be obtained depending on the metal
identity.

In approaching the problem of constructing isostruc-
tural analogues of UMCM-150, screening different metal
salts presents the most straightforward avenue albeit with a
considerable risk of inducing new structure types. Therefore,
a more minimally perturbative approach of metal substitu-
tion was also considered. In particular, the strategy that we
recently employed to take advantage of two differing co-
ordination environments to yield heterobimetallic MCPs was
adopted.! UMCM-150 has both paddlewheel binding sites
and trigonal-prismatic trinuclear clusters. The trinuclear
motif is extremely rare for copper,'® > and therefore we
reasoned that the direct replacement of copper in the tri-
nuclear sites could be achieved by adding transition metals
reported to form trinuclear clusters with carboxylic acids.
Here we present heterobimetallic UMCM-150 analogues
COlcuZ(BHTC)z (4), FCICUZ(BHTC)z (5), and Ml’l]Cllz-
(BHTC), (6) obtained by mixing Mn"", Co", or Fe'"" with
Cu" and H;BHTC.

Experimental Section

General Information. H;BHTC was prepared by the pub-
lished procedure.'® All solvents and metal complexes were used
as received without further purification from Sigma-Aldrich
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and Fisher Scientific. For gas sorption experiments, Nj
(99.999%) and Ar (99.999%) were purchased from Cryogenic
Gasses and used as received. An Autosorb-1C outfitted with the
micropore option from Quantachrome Instruments (Boynton
Beach, FL) was used to measure N, adsorption/desorption at
77 K and Ar adsorption/desorption at 87 K. The surface areas of
all materials and a pore-size distribution of Mg3;(BHTC), (2)
were calculated with version 1.2 of the ASWin software package.
The pressure range of 3.00 x 107> < P/Py < 1.00 x 10~" was
used for the measurement of the surface area. For the pore-size
distribution of 2, the range of P/P, was between 1.00 x 10 *and
8 x 10! with Ar sorption at 87 K. Pore-size distributions were
calculated using the nonlinear density functional theory
(NLDFT) zeolite/silica equilibrium transition kernel for Ar
adsorption based on a cylindrical pore model as implemented
in version 1.2 of the ASWin software package. Powder X-ray
diffraction (PXRD) patterns were obtained on a Rigaku R-Axis
Spider diffractometer with samples mounted on Nylon loops
and coated with mineral oil. Images were collected in transmis-
sion mode with y set at 45°, ¢ rotating at 10°/min, and o
oscillating between 120° and 180° at 1°/min. The AreaMax
(2.0) software package was used for integration of the resulting
images with a step size of 0.1° in 26. The metal species in
heterobimetallic UMCM-150 analogues were confirmed with
energy-dispersive X-ray (EDX) spectroscopy using a Hitachi
S-3200N scanning electron microscope. An Optima 2000 DV
inductively coupled plasma optical emission spectrometer from
Perkin-Elmer Instruments was used to quantify the relative
amounts of metal species in the heterobimetallic UMCM-150
analogues. These ratios were used to derive the formulas pre-
sented in the Experimental Section. Ratios of less than the ideal
stoichiometry likely correspond to UMCM-150 analogues with
trinuclear metal clusters, where Cu is only partially substituted
by the second metal. For clarity of the presentation, the formula
units of the UMCM-150 analogues are presented below as a
mixture of pure phases. Thermogravimetric analysis (TGA)
data were obtained with a TA Q50 apparatus.

X-ray Structure Determination. X-ray diffraction data were
collected with a Rigaku R-Axis Spider diffractometer. Crystals
of 1,4, and 5 were exchanged in CH,Cl, and coated in paratone
N oil. The colorless needle for 1 and the blue and green
hexagonal plates for 4 and 5 were mounted on a MitiGen
cryoloop and cooled under a N, gas stream at 253(2) K. Data
were collected using the d*TREK package in the CrystalClear
software suite (version 1.4, Rigaku 2007) to obtain overlapping
¢ and w scans. Using the FS_PROCESS package in Crystal-
Clear, the raw intensity data were then reduced to F2 values with
corrections for Lorentz and polarization effects. Decay of the
crystal during data collection was negligible. An empirical
absorption correction was applied, as implemented by
FS_PROCESS. The structure was solved by direct methods
and refined against all data using the CrystalStructure (version
3.8.2) software package in the trigonal space group R3 (No. 148)
and Z = 9 for 1, the hexagonal space group P63/mmnic (No. 194)
and Z = 6 for 4, and P63/mmc (No. 194) and Z = 6 for 5.3
Hydrogen atoms were placed at calculated positions (C—H =
0.95 A) using a riding model with isotropic thermal parameters
1.2 times that of the attached carbon atom. Thermal parameters
for all non-hydrogen atoms were refined anisotropically. At-
tempts to locate and model the highly disordered solvent mole-
cules in the pores were unsuccessful. Therefore, the SQUEEZE
routine of PLATON'* was used to remove the diffraction con-
tribution from guests to produce a set of solvent-free diffraction
intensities.

(13) Sheldrick, G. M. SHELXS '97 and SHELXL '97; University of
Gottingen: Gottingen, Germany, 1997.

(14) Spek, A.L. PLATON, A Multipurpose Crystallographic Tool; Utrecht
University: Utrecht, The Netherlands, 2005.

Lim et al.

Syntheses. Preparation of Mnz(BHTC), (1). H;BHTC
(0.20 g, 0.70 mmol) was dissolved in a mixture of N, N-dimethyl-
formamide (DMF)/ethanol/H,O (24 mL/6 mL/6 mL). MnCl,-
4H,0 (0.28 g, 1.4 mmol) was added and the homogeneous
solution heated to 85 °C for 20 h. Colorless needle crystals
were obtained. The yield was 27% based on H3BHTC after
drying under vacuum. Analysis for (Mn3Cs;oH401,)(C3HgNO),-
(H,0)4 (fw = 947.0). Found (calcd): C, 46.19 (45.62); H, 3.55
(3.62); N, 2.90 (2.96).

Preparation of Mg3;(BHTC), (2). H;:BHTC (0.025 g, 0.087
mmol) was dissolved in a DMF /ethanol mixture (6 mL/1.5 mL).
To this solution was added 0.65 mL of 0.20 M Mg(NO3),-6H,O
(0.033 g, 0.13 mmol), and the solution was heated to 85 °C for
2 days. Colorless needle crystals were obtained after 2 days. The
yield was 33% based on H;BHTC after drying under vacuum.
Analysis for (Mg3C30H14012)(C3H6NO)2(H20)10 (fW = 9622)
Found (caled): C, 44.29 (44.90); H, 4.97 (4.82); N, 2.97 (2.91).

Preparation of Co3;(BHTC), (3). H;BHTC (0.025 g, 0.087
mmol) was dissolved in a mixture of 6 mL of DMF and 1.5 mL of
ethanol. To this solution was added 0.65 mL of 0.20 M Co-
(NO3),+-6H,0 (0.038 g, 0.13 mmol), and the solution was heated
to 85 °C. Pink needle crystals were obtained after 3 days. The
yield was 53% based on H;BHTC after drying under vacuum.
Analysis for (CO3C30H14012)(C3H6NO)|.5(H20)8 (fW = 9950)
Found (calcd): C, 41.61 (41.71); H, 3.95 (3.96).

Preparation of the UMCM-150 Analogue Co,Cu(BHTC),
(4). H3;BHTC (0.025 g, 0.087 mmol) and 0.60 mL of 0.20 M
Co(NOs3),-6H,0 (0.035 g, 0.12 mmol) were added to a solution
of DMF/ethanol (6 mL/1.5 mL). To this mixture was added
0.35 mL of 0.20 M Cu(NO3),-2.5H,0 (0.016 g, 0.070 mmol),
followed by 0.25 mL of 0.40 M HCI. The solution was heated at
85 °C for 30 h to yield blue hexagonal plate crystals. The yield
was 29% based on H3;BHTC after drying under vacuum.
Analysis for (C;5H70¢)2Cu2C0)o.75((C15sH706)2Cu3)o.25(H20)s
(fw = 859.9). Found (calcd): C, 41.56 (41.86); H, 3.02 (3.05).
The contents of Cu and Co were analyzed by inductively
coupled plasma optical emission spectrometry (ICP-OES): Co,
5.17 (5.14); Cu, 16.37 (16.46).

Preparation of the UMCM-150 Analogue Fe,Cu,(BHTC),
(5). H3BHTC (0.0050 g, 0.017 mmol) and 0.07 mL of 0.20 M
Fe(NO3)3-9H,0 (0.0056 g, 0.014 mmol) were added to DMF/
dioxane (1.2 mL/0.3 mL). To this mixture was added 0.20 mL of
0.20 M Cu(NO3),-2.5H,0 (0.0093 g, 0.040 mmol), followed by
0.25mL of acetic acid. The solution was heated for 1 day at 85°C
to yield green hexagonal plate crystals. The yield was 55% based
on H3BHTC after drying under vacuum. Analysis for ((C;5H7Og),-
CuyFe;(43-0) 0.33(0OH)o 33)0.85((C15H706)2Cu3)0.15(H20)7 (fw =
893.3). Found (calcd): C, 39.42 (40.30); H, 3.23 (3.19). The contents
of Cu and Fe were analyzed by ICP-OES: Fe, 5.33 (5.32); Cu, 15.42
(15.14).

Preparation of the UMCM-150 Analogue Mn;Cu,(BHTC),
(6). MnCl,-4H,0 (0.16 g, 0.81 mmol) and H3BHTC (0.050 g,
0.17 mmol) were dissolved in a DMF/ethanol/H,O (10 mL/2.5
mL/1.5 mL) mixture. The solution was sonicated for 45 min,
followed by the slow addition of 0.70 mL of 0.20 M Cu-
(NO3),-2.5H,0 (0.032 g, 0.14 mmol). The solution was heated
at 75 °C for 20 h. Pale-green hexagonal plate crystals were
obtained. The yield was 10% based on H;BHTC after drying
under vacuum. Analysis for ((C;5H-O¢),CusMn)g 76((CisH7-
06)2Cu3)24(H-0); (fw = 874.8). Found (calcd): C, 42.46
(41.15); H, 3.23 (3.22). The contents of Cu and Mn were
analyzed by ICP-OES: Mn, 4.79 (4.77); Cu, 16.18 (16.11).

Results and Discussion

The coordination of Cu'' to carboxylates in coordina-
tion polymers is dominated by the paddlewheel motif. It
was therefore remarkable when, for the first time, a tri-
nuclear copper cluster coordinating to six carboxylates was
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Figure 1. PXRD data for 1—3 compared to the simulated pattern for 1.

discovered.'” The linker that gave rise to this unique geome-
try is H;BHTC, and this linker is itself the first example of the
employment of a reduced-symmetry all-carboxylate linker in
which the coordinating groups do not behave as if they are
equivalent by symmetry. The compound arising from BHTC
and Cu, UMCM-150, is therefore of interest for containing a
novel SBU that, if generalizable, might lead to new coordina-
tion polymer structure classes with corresponding novel
properties. In the search for additional examples of trinuclear
clusters, only a few metal ions, such as Co'", Fe' and Mn",
are known to form this motif in combination with carboxylic
acids for MCPs.">~ '8 In order to probe the possibility that
these metals would generate the trinuclear cluster while
retaining the UMCM-150 structure, studies of the reaction
of these metal ions with H;BHTC were undertaken. In
addition, the reaction of H;BHTC and Mg", a light metal
with no structural evidence of forming homometallic tri-
nuclear clusters,'® was studied for structural comparison with
previous MCPs. There is increasing activity in incorporating
light metals into MCPs, and recently very promising results
have been reported for Be;**?! however, concerns regarding
Be toxicity limit our current investigations to Mg.
Solvothermal reactions at 85 °C of HsBHTC and Mn",
Mg", and Co" metal salts yielded the MCPs 1—3 respec-
tively. PXRD confirmed that these materials are isostructural
(Figure 1) and, furthermore, do not adopt the structure of
UMCM-150. Indeed, single-crystal X-ray analysis indicates
that each structure consists of six BHTC ligands coordinated
to three octahedral metal centers arranged linearly. This
particular trinuclear metal cluster has been termed the
hourglass SBU.?? and, in fact, the Mg member of this series
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Figure 2. (a) Six BHTC linkers coordinate to three Mn'! ions, forming
an hourglass shape in 1. Hydrogen atoms have been removed for clarity.
(b) Channels running along the ¢ axisin 1. Coordinating groups have been
removed for an unobstructed view.

was recently disclosed.”® The central Mn>" is octahedrally
coordinated to six carboxylates, four isophthalate groups,
and two carboxyphenyl carboxylate groups from the BHTC
linker. Terminal metal ions are bound by three carboxylate
groups: two bridging carboxylates (carboxyphenyl and iso-
phthalate) and a chelating isophthalate—carboxylate (Figure 2a).
Additionally, one DMF and one H,O molecule coordinate to
each axial position and can be removed, generating coordi-
natively unsaturated metal sites. The structure of the Mn
compound consists of one-dimensional hexagonal channels
with an atom-to-atom diameter of 11.5 A (Figure 2b), and
X-ray crystallographic details of the Mn analogue are listed
in Table 1. These materials display good surface areas (vide
infra) and a cylindrical pore structure reminiscent of the well-
studied M/DOBDC series.>* >’

Although hourglass SBUs are formed in homometallic
Mn" and Co™ MCP structures with the BHTC linker, they
have also been known to adopt the trigonal-Prismatic
M;3(CO,R)g, trinuclear cluster, with other ligands.ls_ e
can also form this cluster geometry,'® rendering these metals
appropriate candidates for substitution into the UMCM-150
structure to form heterobimetallic analogues. In each of
these cases, the reaction conditions were carefully chosen to
minimize the formation of homometallic hourglass-based
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Table 1. Crystallographic Data for 1, 4, and 5
1 4 5
empirical formula Ci6 HogMn3 N, Oy C39Hyy Co Cu, Oy C39 His Cus Fey Oy55
fw 909.42 800.42 802.16
temperature, K 253(2) 253(2) 253(2)
wavelength 1.541 80 1.54180 1.541 80
cryst syst trigonal hexagonal hexagonal
space group R3 (No. 148) P63/mme (No. 194) P63/mmc (No. 194)

unit cell dimensions

a, A 32.1587(12)
b, A 32.1587(12)
oA 14.8229(6)
a, deg 90
B, deg 90
y,deg 120
volume, A* 13275.8(9)
zZ 9
density (caled), g/cm? 1.024
abs coeff, mm™ 5.577
F(000) 4149

cryst size, mm®

reflns collected/unique
R(int)

data completeness, % (20)
abs corrn

max and min transmn
refinement method

0.32 x 0.08 x 0.03
18108/5128

0.1082

98.5 (66.59)

empirical from equivalents
0.851 and 0.268

full-matrix least squares on F>

restraints/param 0/260

GOF on F* 1.082

final R indices [/ > 20(1)|*? R1 = 0.1322
wR2 = 0.3575

R indices (all data)®” R1 = 0.2086
wR2 = 0.4133

18.431(14) 18.452(3)
18.431(14) 18.452(3)
40.52(4) 40.925(11)
90 90

90 90

120 120
11922(17) 12067(5)

6 6

0.656 0.663

2.481 2.302

2346 2404

0.13 x 0.13 x 0.03 0.12 x 0.1 x 0.03
27472/2389 24287/2414
0.1109 0.0714

99.7 (66.59) 100.0 (50.50)

empirical from equivalents
0.929 and 0.739
full-matrix least squares on F*

empirical from equivalents
0.924 and 0.725
full-matrix least squares on F*

0/120 0/144
1.018 1.016

RI = 0.0928 RI = 0.0418
wR2 = 0.2710 WwR2 = 0.1094
R1 = 0.1346 R1 = 0.0509
wR2 = 0.2971 wR2 = 0.1141

“WR2 = [SSw(Fo> = IFEPI/SIWEY 1 Pow = 1[o*(F) + (mP)* +nPland P = [max(F,’,0) + 2F.)]/3 (mand n are constants); o = [ [w(F,” — F.*)°/
(n=pI"2 "Rl = YIF| = [Fll/XIFol-

Intensity(a.u.)

Mw -

5 (FelCu)

4 (CoiCu)

UMCM-150

S
Cu/Co

Figure 3. (a) Structure of UMCM-150 adapted by heterobimetallic ana-
logues (coordinating H,O molecules have been removed for clarity). (b)
View of the paddlewheel and trinuclear clusters in 4 (Cu/Co) and 5 (Cu/Fe).
The structure of 5 features an u3-O in the center of the trinuclear cluster and
one hydroxide and two H,O molecules bound to the Fe' ions. Color
scheme: bronze sphere, Cu; gray, C; red, O; blue sphere, Co; cyan sphere, Fe.

materials and favor pure UMCM-150 phases. Mixed-metal
solutions were subjected to solvothermal conditions to yield
MCPs 4—6 consisting of Co/Cu, Fe/Cu, and Mn/Cu metal
clusters. Scanning electron microscopy (SEM) with EDX
confirmed the existence of two types of metal species in 4—6

AAM“AMAM—AA-A
10 20 a0 40 50
20 (deg)

Figure 4. PXRD data of 4—6 compared to the pattern for UMCM-150.

(Figure Sla—c in the Supporting Information). Single-crystal
X-ray diffraction indicates that Co and Fe ions occupy the
trinuclear metal cluster positions (Figure 3). Although each
MCP is isostructural with UMCM-150 (Figure 4), the Fe/Cu
heterobimetallic analogue 5 has a modified trinuclear cluster
to accommodate the Fe'" oxidation state. This cluster has a
115-0”" in the center of the trinuclear Fe cluster (Figure 3).
Each Fe'" is six-coordinate, with four carboxylates binding
to each Fe in a square-planar geometry. One axial position of
each Fe is occupied by the u3-O oxygen at the center of the
cluster, while the position trans hosts a solvent molecule.
Overall, each Fe;(u3-O)(CO,R)4 cluster has three bound
solvent molecules with two occupied by H,O and the third
by a hydroxide group in order to compensate for the extra
charge of the cluster.
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Figure 5. N,isothermsof 1—3 at 77 K (solid diamond, adsorption; open
diamond, desorption; dark blue, 2; gray, 3; red, 1).

Bulk analysis of UMCM-150 analogues 4—6 was under-
taken using ICP-OES to quantify the metal content distribu-
tion in the heterobimetallic systems. Assuming complete
substitution of the trinuclear cluster with Co, Fe, and Mn,
a molar ratio of 1:2 is expected between these metals and Cu.
For 4, a ratio of 1:3.05 is found, revealing incomplete
substitution of the trinuclear sites. With this same approach,
the molar ratio of Fe/Cu was found to be 1:2.52 and that of
Mn/Cu 1:2.88. Attempts to increase the incorporation of Co,
Fe, or Mn by employing higher concentrations led to new
phase formation and/or a lowering of the yield of the
UMCM-150 analogues. Nonetheless, successful structural
refinement of 4 and 5, using a 1:2 ratio of Co/Fe to Cu
suggests that the stoichiometries are reasonable, and this is
supported by the well-behaved thermal parameters for metals
in both sites.

N, Sorption Isotherms and Pore-Size Distributions. The
surface areas of the monometallic MCPs with hourglass
SBUs, 1—3, were measured through N, sorption iso-
therms to verify their permanent porosity. Samples were
prepared by soaking crystals in DMF for 1 day, followed
by immersion and exchange in CH,Cl, three times over
the course of 3 days. Compound 2 was heated for 38 h at
110 °C for activation, whereas 1 and 3 were heated for
28 h at 100 °C. Structure 2 has the highest N, uptake,
providing a Brunauer—Emmer—Teller (BET) surface
area of 1690 m?/g (1830 m?/g, Langmuir; Figures 5 and
S2a,b in the Supporting Information).”> MCPs 1 and 3
have BET surface areas of 1175 and 1190 m?/g (1270 and
1300 m?/g, Langmuir), respectively. In this series, the
highest value for the coordination polymer derived from
Mg is consistent with the notion that lightweight metals
improve the surface area by reducing the weight of the
framework.>**® Only a slight difference in the surface
area is observed for Co and Mn because the metals have
similar molecular weights. A pore-size distribution for 2
using Ar sorption at 87 K shows a narrow pore size of
6—10 A, which is consistent with the crystal structure and
is highly desirable for adsorptive applications (Figures S3
and S4 in the Supporting Information).

(29) This value is substantially higher that that reported in reference 23
suggesting a superior activation procedure or improved phase purity.

(30) Schnobrich, J. K.; Koh, K.; Sura, K. N.; Matzger, A. J. Langmuir
2010, 26, 5808.
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Figure 6. N, uptake of heterobimetallic UMCM-150 analogues at 77 K
(solid circle, adsorption; open circle, desorption; blue, UMCM-150;
green, 4; black, 5; red, 6).

Activation of the heterobimetallic UMCM-150 analo-
gues 4—6 was achieved by immersion in DMF, followed
by exchange into CH,Cl, three times over the course of 3
days. The solvent-exchanged crystals were then heated for
20 h at 100 °C. The N, sorption isotherm of UMCM-150
indicates a BET surface area of 2715 m?/g (3011 m?/g,
Langmuir). Substitution of Co, Fe, and Mn in the tri-
nuclear metal cluster positions, generating structures
4—6, produced surface areas of 2441, 2660, and 2490
m?/g (2686, 2920, and 2750 m?/g, Langmuir), respectively
(Figure 6). The similarity between the surface areas of
these heterobimetallic UMCM-150 analogues indicates
that selective metal substitution is a suitable method for
creating a diverse set of structurally related MCPs with-
out drastically altering their N, sorption properties.

Conclusion

The results presented here show that BHTC is a versatile
linker that can accommodate different high-surface-area phases
depending on the identity of the metal. One-dimensional
hexagonal channel structures are formed when the metal prefers
to form the hourglass SBU, as demonstrated for MCPs 1-3.
On the other hand, in the heterobimetallic systems, the pre-
sumably faster formation of the Cu'" paddlewheel SBU drives
the formation of the UMCM-150 structure, while the trigonal-
prismatic SBU is generated with the second transition metal.
This is demonstrated for Co™, which in the absence of Cu forms
3, whereas in the presence of Cu, 4 is formed. Applications of
these MCPs in gas separation and catalysis are underway.
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