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Solvothermal assembly of 5,5'-(9,10-anthracenediyl)di-isophthalate (Hadip) with in situ-generated dicopper and
diiron paddlewheel secondary building units (SBUs) afforded two porous metal-organic frameworks (MOFs),
designated as PCN-14 and PCN-15, respectively. The two MOFs crystallize in different structures, characterized
by a difference in the dihedral angles between the anthracene and the phenyl rings of the adip ligand. PCN-14 retains
permanent porosity under dehydration and contains nanoscopic cages while PCN-15 contains only one-dimensional
hexagonal channels along the (0 0 1) direction which require solvent stabilization. The aromaticity of the anthracene
rings of the adip ligand in conjunction with the nanoscopic cages grants PCN-14 high excess hydrogen adsorption
capacity of 2.70 wt % at 77 K, 760 Torr (4.42 wt % at saturation), as well as high hydrogen affinity of 8.6 kd/mol at low H,
coverage. These values are compared to other tetracarboxylate-derived MOFs to better understand the role of the
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aromatic rings in hydrogen adsorption.

Introduction

Increasing research interest has recently been drawn
to the exgloration of porous metal-organic frameworks
(MOFs)' ™7 as promising candidates to approach the U.S.
DOE targets for on-board hydrogen storage applications.'®
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Compared to other porous materials such as activated
carbon, nanotubes, and zeolites,' > porous MOFs possess
the advantages of well-defined specific hydrogen binding
S 2428 : . . 29
sites together with functionalizable pore walls™ capable
of increasing hydrogen interaction energies.

Recent inelastic neutron scattering (INS)*” and neutron

powder diffraction (NPD)*>* studies of porous MOFs
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Figure 1. (a) Hjadip ligand; (b) M(COO)4(H,0), (M = Cu, Fe) paddlewheel SBU. Color sheme: C, gray; O, red; M, turquoise.

revealed the inorganic metal clusters as the initial hydrogen
binding sites with successive adsorption sites located over the
phenyl rings of the organic linkers. Although the primary
hydrogen binding sites are metal-based, the functionalization
of organic linkers plays an important role in further enhan-
cing hydrogen adsorption capacities of porous MOFs.*
Computational studies by Sagara et al. suggested that it is
possible to bind two H, molecules on each side of the 2,
6-naphthalenedicarboxylate linker in IRMOF-8, and pro-
posed that additional aromatic rings in the frameworks could
potentially serve as hydrogen adsorption sites.! Increasing
the aromaticity of the organic linkers has been both theore-
tically predicted®'** and experimentally proven’®* to be an
effective way to improve hydrogen adsorption capacities of
porous MOFs.

Taking the above into consideration, we designed a
ligand, 5,5-(9,10-anthracenediyl)di-isophthalate (Hjadip)
(Figure la) and expect the central anthracene to provide
additional hydrogen binding sites thus increasing the hydro-
gen uptake. Under solvothermal conditions, reactions of
Hjadip with Cu(NOs), and FeCl, gave rise to two porous
MOFs designated as PCN-14 and PCN-15 respectively (PCN
represents porous coordination network). In this contribu-
tion, we report the synthesis and detailed structural descrip-
tion of PCN-15, along with a comparison of the structural
properties and hydrogen storage performances of both PCN-
14 and PCN-15.

Experimental Section

Synthesis of PCN-14 and PCN-15. PCN-14 was prepared
according to the procedures described in our previous work.*
PCN-15 was synthesized by heating a sealed Pyrex tube with a
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Table 1. Crystal Data® and Structure Refinement of PCN-14, PCN-15

PCN-14 PCN-15
formula C270H 1(,2Cu 1 3090 CgoH 54C1F€6O30
FwW 5989.9 1985.88
crystal system rhombohedral rhombohedral
space group R3¢ R3m
a, A 18.4530(4) 27.1117(9)

b, A 18.4530(4) 27.1117(9)
¢, A 76.976(4) 16.5413(1)
o, deg 90.00 90.00

B, deg 90.00 90.00

v, deg 120.00 120.00

v, A’ 22699.7 (1) 10529.6 (1)
Z 2 3

dealc 8 em™! 0.871 0.940

Ry, wRy’ 0.0518, 0.1591 0.1088, 0.3462

“Obtained with graphite-monochromated Mo Ko (A = 0.71073 A)
radiation. "Ry = Y |[Fo| — |Fell/Y|Fol and wRy = {3 w(F,* — FJ)?/
Sw(E

mixture of Hyadip ligand (0.005 g, 1.4 x 10> mol) and FeCl,
(0.02 g, 1.6 x 10~ mol) in 1.5 mL DMSO (dimethyl sulfoxide)
together with 6 drops dimethylformamide (DMF) and 3 drops
HBF, (40% aqua) at 120 °C for 3 days followed by cooling to
room temperature at a rate of 0.1 °C/min. The DMF was added
to preclude the complete oxidation of iron to Fe** to ensure the
formation of the proper SBU. The resulting orange block
crystals were washed with DMSO in a glovebox under nitrogen
atmosphere (yield: 75% based on the adip ligand), and have a
formula of Fes(H,0)g(adip);Cl1-9DMSO-12H,0, which was
derived from crystallographic data and elemental analysis
(caled: C, 44.64; H, 4.58; Cl, 4.13. Found: C, 44.55; H, 4.62;
Cl, 4.21).

Single-Crystal X-ray Crystallography. Single crystal X-
ray data of PCN-15 were collected on a Bruker Smart Apex
diffractometer> equipped with an Oxford Cryostream low tem-
perature device and a fine-focus sealed-tube X-ray source (Mo
Ko radiation, A = 0.71073 A, graphite monochromated) operat-
ingat45kV and 35 mA. Frames were collected with 0.3° intervals
in ¢ and w for 60 s per frame such that a hemisphere of data was
collected. Raw data collection and refinement were done using
SMART. Data reduction was performed using SAINT+ and
corrected for Lorentz and polarization effects.”® The structure
was solved by direct methods and refined by full-matrix least-
squares on F2 with anisotropic displacement using SHELX-97.%7
Non-hydrogen atoms were refined with anisotropic displacement
parameters during the final cycles. Hydrogen atoms on carbon

(35) Note: Certain commercial suppliers are identified in this paper to foster
understanding. Such identification does not imply recommendation or
endorsement by the National Institute of Standards and Technology,
nor does it imply that the materials or equipment identified are
necessarily the best available for the purpose.
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Madison, WI, 2001.

(37) Sheldrick, G. M. SHELX-97; Bruker Analytical X-Ray Systems, Inc.:
Madison, WI, 1997.



Article

Inorganic Chemistry, Vol. 48, No. 12,2009 5265

Figure 2. (a) Nanoscopic cage in PCN-14; (b) one-dimensional hexagonal channels of PCN-15 occupied by chlorine anions viewed along the (0 0 1)

direction.
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Figure 3. (a) Low-pressure H, sorption isotherms of PCN-14 at 77 K; (b) High-pressure excess H, sorption isotherms of PCN-14 at 77 K.

were calculated in ideal positions with isotropic displacement
parameters set to 1.2 x U of the attached atom. Absorption
corrections were applied using SADABS after the formula of the
compound was determined approximately.>® Solvent molecules
in the structure were highly disordered and were impossible to
refine using conventional discrete-atom models. To resolve these
issues, the contribution of solvent electron density was removed
by the SQUEEZE routine in PLATON.*® CCDC-682384
(PCN-15) contains the supplementary crystallographic data,
which can be obtained free of charge at www.ccde.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic
Data Center, 12, Union Road, Cambridge CB21EZ, U.K_; fax:
(+44) 1223—336—033; or deposit@ccdc.cam.ac.uk).

Gas Sorption Measurements. The low-pressure adsorption
measurements were performed at 77 K and 0—760 torr on a
Beckman Coulter SA 3100 surface area and pore size analyzer.
An as-isolated sample of PCN-14 was immersed in methanol for
24 h, and the extract was decanted. Fresh methanol was subse-
quently added, and the crystals were allowed to stay for an
additional 24 h to remove the nonvolatile solvates (DMF and
H,0). The sample was collected by decanting and treated with
dichloromethane similarly to removing methanol solvates. For
PCN-15, similar procedures were handled in the glovebox full of
N, atmosphere but with only THF as exchanging solvent. After
the removal of dichloromethane by decanting, the sample was
dried under a dynamic vacuum (< 10~ torr) at room tempera-
ture (25 °C) overnight. Before the measurement, the sample was
dried again by using the “outgas” function of the surface area
analyzer for 4 h at 120 °C. Sorption measurements were
performed using high purity nitrogen (99.999%) and hydrogen

(38) Spek, A. L. J. Appl. Crystallogr. 2003, 36, 7-13.

(99.9995%) on a sample of 100 mg with the temperature
maintained at 77 K by liquid nitrogen. For the hydrogen
adsorption measurement, the regulator and pipe were flushed
with hydrogen before connecting to the analyzer. The internal
lines of the instrument were flushed three times by utilizing the
“flushing lines” function of the program to ensure the purity of
H,. High pressure hydrogen sorption isotherm measurements
on PCN-14 were performed using a home-built fully computer-
controlled Sievert apparatus using scientific grade hydrogen
(99.9999% purity). The detailed specifications of the Sievert
apparatus and the data analysis can be found elsewhere.*® Prior
to measurement, about 200 mg solvent-exchanged sample was
activated under vacuum (less than 10™* torr) by first heating at
room temperature overnight, and then at 120 °C for at least 4 h.
Once activated, the samples were loaded into the measurement
cell inside a He-glovebox to prevent rehydration/deactivation.

Results and Discussion

Crystal Structure Description. Single crystal X-ray
analysis revealed that both PCN-14 and PCN-15 adopt
the M,(COO)4(H,0), (M = Cu, Fe) paddlewheel as their
secondary building units (SBUs) (Figure 1b), but with
PCN-14 crystallizing in space group R3¢ while PCN-15
crystallizes in space group R3m (Table 1). The Cu—Cu
distance is 2.654 A, and the Cu—aqua distance is 2.122 A
for the paddlewheel SBU found in PCN-14, while the
distance of Fe—Fe is 3.094 A and that of the Fe—aqua is

(39) Zhou, W.; Wu, H.; Hartman, M. R.; Yildirim, T. J. Phys. Chem. C.
2007, 111, 16131.
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Scheme 1. Tetracarboxylate Ligands Employed for the Construction
of NbO Type MOFs*
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“bpta = biphenyl-3,3',5,5-tetracarboxylate; tpta = terphenyl-
3,3,5,5-tetracarboxylate; qpta =  quaterphenyl-3,3',5,5 -tetra-
carboxylate; sbtc = trans-stilbene-3,3',5,5 -tetracarboxylate; abtc =
azobenzene-3,3',5,5 -tetracarboxylate; adip = 5,5-(9,10-anthracene-
diyl)di-isophthalate.

2.288 A for the paddlewheel SBU in PCN-15. The dis-
tances of Cu and oxygen of the carboxylate groups of the
adip ligand range from 1.940 A to 1.960 A in PCN-14,
while those of Fe and oxygen of the carboxylate groups of
the adip ligand range from 2.049 A t0 2.059 A in PCN-15.
The structure of PCN-14 was described in our previous
work,** and consists of nanoscopic cages, each with a
volume of 1150 A* (Figure 2a). In contrast, PCN-15
contains no cages, having only one-dimensional hexago-
nal channels along the (0 0 1) direction with a size of
13.636 A (atom to atom distance) (Figure 2b). Chlorine
anions (yellow sphere in Figure 2b) reside at the center of
the hexagonal channels indicating a mixture of +2 and
+ 3 oxidation states for Fe in PCN-15. Calculated using
PLATON/SOLV,*® the solvent accessible volume of
PCN-14 is 63.5% and that of PCN-15is 47.9%.
Although PCN-14 and PCN-15 are constructed from
the same ligand and the same SBU, their structures are
quite different and crystallize in different space groups.
Even though the cause is not fully understood and may be
due to subtle differences in the synthesis conditions, the
resulting structures possess different dihedral angles be-
tween the anthracene and the phenyl rings of the adip
ligand in PCN-14 and PCN-15. In PCN-14, the dihedral
angle is 70.4° (Supporting Information, Figure S2a),
leading to reduced repulsion from adjacent anthracene
rings. This angle supports the formation of cages, as well
as lowers the crystal symmetry to R3c. This symmetry is

(40) Chen, B.; Ockwig, N. W.; Millward, A. R.; Contreras, D. S.; Yaghi, O.
M. Angew. Chem., Int. Ed. 2005, 44, 4745-4749.
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different from previously reported MOFs based on tetra-
carboxylate ligands and glicolgper |paddlewheel SBUs, all
of which crystallize in R3m.'%***" In contrast, the dihe-
dral angle in PCN-15 is near 90° (87.0°) (Supporting
Information, Figure S2b). This renders the adip ligand
with mirror plane symmetry and leads to the R3m crystal
symmetry which is the same as the previously reported
MOFs with NbO type structure. The near 90° dihedral
angle between the anthracene and the phenyl rings of the
adip ligand results in large repulsions between the anthra-
cene rings of adjacent adip ligands thus inhibiting the
formation of cages and forcing the formation of only one-
dimensional channels in PCN-15.

The permanent porosities of PCN-14 and PCN-15 were
checked by N, sorption measurements at 77 K. N,
sorption isotherms (Supporting Information, Figure S2)
of a newly prepared batch of PCN-14 sample, which was
fully activated according to the procedure described
before,** confirmed its sorption reversibility and gave
an estimated Brunauer—Emmett—Teller (BET) surface
area of 1753 m?/g which is consistent with the previously
reported result. In contrast, a sample of PCN-15 was
activated by solvent-exchanging the freshly prepared
sample with THF in a glovebox followed by evacuation
under dynamic vacuum at 50 °C overnight. N, sorption
isotherms of activated PCN-15 sample revealed that it
adsorbed little N, (Supporting Information, Figure S3)
and has negligible surface area.

Hydrogen Sorption Studies. The high porosity and
nanoscopic cages in PCN-14 prompted us to evaluate
its hydrogen adsorption performance. Low-pressure
hydrogen sorption isotherms of the fully activated
PCN-14 sample at 77 K revealed reversible hydrogen
adsorption as shown Figure 3. At 77 K and 760 Torr,
the excess gravimetric hydrogen uptake capacity of PCN-
14 can reach 2.70 wt %, which is among the highest of
reported MOFs under similar conditions.'*3%4°~%? The
hydrogen uptake values of low-pressure hydrogen sorp-
tion isotherms are also consistent with those of high-
pressure sorption isotherms within comparable pressure
region. At higher pressure, the excess gravimetric hydro-
gen uptake of PCN-14 reaches saturation with a value of
4.42 wt %. This corresponds to a volumetric uptake of
36.6 g/L calculated using the crystal density of dehy-
drated PCN-14 (0.829 g/cm®). In contrast, low pres-
sure H, isotherms in PCN-15 show limited H, uptake
(<40 cm’/g) after activation at 50 °C or even 150 °C
(Supporting Information, Figure S4). The low uptake of
N, and H, in PCN-15 indicates that it does not retain
significant permanent porosity and may require the sol-
vent to stabilize the structure.

To understand how ligand functionalization affects the
hydrogen uptake capacity, it is useful to compare the
performance of PCN-14 with that of other reported NbO-
type porous MOFs that are constructed from dicopper
paddlewheel SBUs and tetracarboxylate ligands
(Scheme 1). For hydrogen adsorption at 77 K, 760 Torr,

(41) Wang, X.-S.; Ma, S.; Rauch, K.; Simmons, J. M.; Yuan, D.; Wang, X.;
Yildirim, T.; Cole, W. C.; Lépez, J. J.; Meijere, A. De; Zhou, H.-C.
Chem. Mater. 2008, 20, 3145-3152.

(42) Wang, X.-S.; Ma, S.; Forster, P. M.; Yuan, D.; Eckert, J.; Lopez, J. J.;
Murphy, B. J.; Parise, J. B.; Zhou, H.-C. Angew. Chem., Int. Ed. 2008,
47, 7263-7266.
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Table 2. Physical Characteristics and Hydrogen Adsorption Properties of NbO Typed Porous MOFs Based on Tetracarboxylate Ligands and Dicopper Paddlewheel SBU

BET surface solvent accessible calculated crystal H, uptake at 77 K, 760  gravimetric H, saturation volumetric H, saturation
area (m?/g) volume“ (%) density (g/cm?) Torr (wt %) uptake at 77 K (wt %) uptake at 77 K (g/L)
PCN-14 1753 63.5 0.829 2.70 4.42 36.6
(adip)
MOF-505 1670 63.3 0.927 2.59 4.20 38.9
(bpta)'®
Cu-tpta'® 2247 70.4 0.886 2.52 6.70 43.6
Cu-gpta'® 2932 75.5 0.587 2.24 7.01 41.1
PCN-10 1407 71.2 0.825 2.34 4.20 34.7°
(abte)*!
PCN-11 1779 71.9 0.805 2.55 5.04 40.6"
(sbte)*!

“Calculated using PLATON/SOLV.* ? Calculated from multiplying the gravimetric uptake by ideal dehydrated crystal density.

it can be seen from Table 2 that increasing the size of the
cages by elongating the bpta ligand with one or two
phenyl rings leads to a steady decrease of hydrogen
uptake in Cu-tpta and Cu-gpta.'® Assuming that the
hydrogen binds first to the open Cu-sites, as seen in other
Cu paddlewheel MOFs,?>?® this decrease can be attrib-
uted to reduced potential well overlaps near the Cu-site
resulting from the enlarged pore sizes.**** Our previous
attempts to enhance hydrogen uptake by grafting double-
bond functionalities in PCN-10 and PCN-11 resulted in
the same relationship according to size, indicating negli-
gible contribution from unsaturated 7z-bonds.*' Stronger
binding to the Cu-site, typically accounting for ~1 wt %
uptake when fully saturated, could allow for increased
filling of the ligand sites at lower pressures, leading to a
higher uptake near 1 bar. However, expanding the aro-
matic conjugation by adding two fused rings gre-
atly favors the low pressure hydrogen adsorption in
PCN-14, exhibiting the highest, 1 bar, hydrogen uptake
of 2.70 wt % among the six NbO-type porous MOFs. This
is also consistent with recent theoretical calculations that
an increase in the number of fused rings would boost
hydrogen uptake in porous MOFs.*!-#

Though the extra phenyl rings enhance the initial
binding of H, to the framework, the saturation hydrogen
uptakes scale with surface areas as observed in other types
of porous MOFs.” The extension of the bpta ligand by
adding phenyl rings or double bonds leads to an increase
in surface areas with almost proportional increases of
hydrogen adsorption capacities at saturation, particu-
larly for Cu-tpta and Cu-gpta. The relatively low surface
area of PCN-14 can be ascribed to the bulkiness of the
anthracene rings which block partial pores thus resulting
in only moderate hydrogen uptake of 4.42 wt % at
saturation.

The strength of interactions between the framework
and hydrogen can be reflected by isosteric heats of
adsorption Q. The isosteric heat of adsorption of hydro-
gen in PCN-14 was calculated utilizing the Clausius-
Clapeyron equation,*”**

0, = —Rd(In P)/d(1/T)

using isotherms measured at 77, 80, and 87 K (Supporting
Information, Figure S5). As shown in Figure 4, the O, of
hydrogen adsorbed in PCN-14 is 8.6 kJ/mol at low

(43) Rowsell, J. L. C.; Yaghi, O. M. Angew. Chem., Int. Ed. 2005, 44, 4670~
4679.

(44) Rouquerol, J.; Rouquerol, F.; Sing, K. Adsorption by Powders and
Porous Solids; Academic Press: London, 1998.
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Figure 4. Isosteric heats of adsorption of H, in PCN-14.

(0.1 wt %) H, loading and decreases to 5.0 kJ/mol at
the higher coverage (3.0 wt %). Assuming that the
hydrogen binds first to the open Cu®" centers of the
paddlewheel SBU as suggested by recent neutron powder
diffraction studies of Cu-BTC,% the isosteric heat mea-
sured up to 0.63 wt %, corresponding to full saturation of
the Cu” " sites, can be approximately associated with the
Cu?*—H, interaction including any increased binding
near the Cu-site because of the ligand. This value lies in
the range of 8.6 to 5.9 kJ/mol, where the range most likely
indicates that secondary sites are also being filled at 77 K
before the Cu?" site is fully saturated. The relatively
higher initial Qg for H, in PCN-14 as compared to other
porous MOFs>**! based on the dicopper paddlewheel
SBU could be attributed to the small pore size®** defined
by the anthracene rings if a similar contribution from
coordinatively unsaturated copper sites is considered.
The Qg value in the range of 5.9—5.0 kJ/mol for H,
coverage from 0.63 to 3.0 wt % could then correspond
largely to Hy—organic linker van der Waals interactions,
and is consistent with measurements in other MOFs that
rely on purely van der Waals interactions.>”

Conclusions

In summary, two porous MOFs, PCN-14 and PCN-15,
based on an anthracene derivative tetracarboxylate ligand
and dimetal paddlewheel SBUs have been constructed and
structurally described. Despite being built from the same
ligand and the same type of SBUs, PCN-14 consists of
nanoscopic cages while PCN-15 contains only one-dimen-
sional channels along the (0 0 1) direction. The structures

(45) Dinca, M.; Long, J. R. J. Am. Chem. Soc. 2005, 127, 9376-9377.
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differ significantly in their dihedral angles between the
anthracene and the phenyl rings of the adip ligands. N,
sorption analysis revealed that PCN-14 retains its permanent
porosity and has a BET surface area of 1753 m?/g while PCN-
15 does not maintain permanent porosity after activation. H,
sorption studies indicated that the anthracene grants PCN-14
high excess hydrogen uptake capacity of 2.70 wt % at 77 K,
760 Torr but saturation at only 4.42 wt %. Though the
ultimate sorption capacity is lower than similar Cu—MOFs
because of the smaller effective surface area, the nanoscopic
cages permit a more effective potential overlap near the Cu®*
site, leading to the relatively higher initial Qg of 8.6 kJ/mol.
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