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The synthesis and characterization of the new metal-organic framework PCN-12-Si (isoreticular to PCN-12) is
reported. PCN-12-Si comprises dicopper paddle-wheel units located at the vertices of a cuboctahedron, which are
connected by the new linker 5,50-(dimethylsilanediyl)diisophthalate (dmsdip). The microporous MOF has a high
specific surface area of SBET=2430 m

2 g-1 and a high specific micropore volume of Vp = 0.93 cm
3 g-1 (p/p0 = 0.18).

The activated form of PCN-12-Si shows a remarkable hydrogen storage capacity. Volumetric low pressure hydrogen
physisorption isotherms at 77 K reveal an uptake of 2.6 wt % H2 at 1 bar. Furthermore, results of theoretical GCMC
simulations of hydrogen adsorption are presented. The simulated low pressure isotherm is in excellent agreement with
the experimental one. Simulations for the high pressure regime predict an excess hydrogen uptake of 4.8 wt % at 30
bar, which corresponds to an absolute amount adsorbed of 5.5 wt %. In addition, the potential field of H2 inside PCN-
12-Si was derived from the simulations and analyzed in detail, providing valuable insights concerning the preferred
adsorption sites on an atomic scale.

Introduction

In recent years metal-organic frameworks (MOFs), which
form a new class of ordered organic-inorganic hybrid solids,
composed of metal or metal oxide clusters as connectors and
organic bridges as linkers, have attracted much attention.1,2

These compounds have been found to be promisingmaterials
for gas storage applications, like CO2 sequestration, or
methane and hydrogen storage. In particular, it is desirable
to develop a viable on-board hydrogen storage system for
automotives to utilize hydrogen as a clean-burning substitute
for fossil fuels.3 Because of their porous nature and excep-
tionally high specific surface areas and pore volumes, MOFs
have emerged as a potential storage alternative to high-
pressure (g-H2, up to 700 bar) or liquefied hydrogen (l-H2,
temperatures as low as -250 �C are required) tanks, which
show several disadvantages in terms of both safety aspects,
handling, size of the tank (g-H2), isolation problems, leakage
rates and economic cost (l-H2). As an adsorbent involving
mainly physisorption processes, MOFs are likely superior to
technologies based on chemisorption like storage in metal

hydrides, as the latter require quite high delivery tempera-
tures.4

However, as most of the MOFs are characterized by
relatively weakH2 adsorption energies (typically in the range
4-8 kJ mol-1), hitherto cryogenic temperatures are required
to observe significant H2 uptake.5,6 To achieve the bench-
marks for commercially viable and safe hydrogen storage
(the U.S. Department of Energy (DOE) has set the target for
on-board hydrogen storage systems as high as 6.0 wt %
and 45 g L-1 by the year 2010, and 9.0 wt % and 81 g L-1

by 2015)7 at non-cryogenic temperatures there is an immedi-
ate need to boost the H2-framework interactions. Bhatia
and Myers predicted an ideal binding energy of 15 kJ mol-1

to maximize the amount of adsorbed H2 attainable at 298 K
within the pressure regime 1.5-20 bar.8 Strategies for im-
proving the H2 adsorption capacity include (a) decrease of
unused pore space, either by tailoring frameworks with very
narrow pores through adjustment of the spacer lengths or by
making use of framework catenation; in both cases the
overlapping potentials from one or more pore walls interact-
ing with the H2 molecules result in higher binding energies
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(values up to 9.5 kJ mol-1 have been observed);9 (b) creation
of attractive surface sites within theMOFs via the formation
of coordinatively unsaturated metal centers (also called
“open metal sites”), typically through the removal of coordi-
nated solvent molecules at the connector nodes.10-15 Here,
isosteric heat of adsorption values (at zero coverage) up to
12.3 kJ/mol have been reported.16 The most prominent
example for unsaturated metal sites probably is the Cu2
paddle-wheel unit, which is present, for instance, in the MOF
Cu3(btc)2 also known as HKUST-1.17 Neutron-scattering
experiments18 have verified that H2 binds at these sites first,
most likely through Kubas-type interactions.19,20 While this
approach has been shown to increase H2 uptake within
MOFs appreciably, it is sometimes difficult to synthesize
frameworks that can resist collapse upon complete desolva-
tion of metal sites. Furthermore, it is a challenge to introduce
a sufficient number of these “open metal sites” to make a
practical difference under high loading conditions.Wang and
co-workers21 recently employed an interesting concept to
increase the number of nearest neighboring “open metal
sites” of each H2-hosting void in a three-dimensional (3D)
framework and to align these sites in a way that they can
interact directly with the guests (H2 molecules) inside the
void. The resulting MOF, termed PCN-12 (PCN=porous
coordination network), exhibits the highest hydrogen storage
capacity at 77 K and 1 bar (3.05 wt%) reported to date. The
“open metal sites” are placed at the 12 corners of a cubocta-
hedron. To realize such cuboctrahedrally caged MOF struc-
tures without inducing the formation of NbO-type struc-
tures, the linker has to fulfill several structural requirements.
In particular, a bent structure between the linkedmetal sites is
favorable, as it is the case for the tetracarboxylate linker
5,50-methylene-di-isophthalate (mdip).21

Here, we report the synthesis of a MOF which is isoreti-
cular to PCN-12, composed of Cu2 paddle-wheel units
connected by the new organosilicon linker 5,50-(dimethyl-
silanediyl)diisophthalate (dmsdip). Incorporation of elements
with a higher polarizability than carbon is expected to have a
positive impact on thebinding energy tohydrogen.TheMOF
has been characterized by means of powder X-ray diffrac-
tion measurements, thermal gravimetric analysis (TGA),
N2 physisorption, and modeling techniques. Furthermore,

volumetric low pressure hydrogen physisorption data at
77 K are presented as well as Grand-canonical Monte Carlo
(GCMC) simulations of hydrogen adsorption.

Experimental Section

Chemicals. Lithium (Fluka, g 99.0%), dichlorodimethyl-
silane (Merck, g 98.0%), and 1-bromo-3,5-dimethylbenzene
(Sigma-Aldrich, 97.0%) were used without further purification.
Potassium permanganate (Fluka, g 99.0%), pyridine (Appli-
chem, 99.0%), and N,N0-dimethylacetamide (DMA) (Sigma-
Aldrich, g 99.5%) were used as obtained.

Synthesis of the Organosilicon Linker. Dimethyl(bis-3,5-di-
methylphenyl)silane (1). The synthesis of (1) was carried out
under argon atmosphere with purified and dried solvents. In a
typical synthesis analogous to a literature procedure22 25.0 g
(0.135 mol) of 1-bromo-3,5-dimethylbenzene were dissolved in
10 mL of diethyl ether and added dropwise to 1.94 g (0.279 mol)
lithium granulate in 30 mL diethyl ether at 10 �C . After stirring
for 1.5 h at room temperature the reaction mixture was cooled
to 0 �C, and 6.95 g (0.0539 mol) of dichlorodimethylsilane in
5 mL of diethyl ether were added dropwise. Afterward, the
reaction mixture was stirred for 1.5 h at room temperature. To
remove the excess lithium, it was filtrated and ice water was
added to the solution. The diethyl ether layer was separated,
treated with water, hydrochloric acid (5%), and sodium hydro-
xide solution (5%), dried over sodium sulfate, and finally the
solvent was evaporated to give 14.1 g (0.0526mol, yield: 98%) of
(1), a white, crude powder.

1H NMR (400 MHz, CDCl3): δ 0.56 (s, 6 H), 2.35 (s, 12 H),
7.05 (s, 2H), 7.18 (s, 4H); 13CNMR (400MHz, CDCl3): δ-2.20,
21.38, 130.85, 131.87, 137.02, 138.21; IR (film on NaCl): 3015,
2956, 2917, 2857, 1598, 1376, 1268, 1246, 1140, 1038, 869, 844,
811, 792, 771, 697, 677 cm-1.

5,50-(Dimethylsilanediyl)diisophthalic acid (2). In analogy to
a literature procedure,23 potassium permanganate (50.6 g,
0.392 mol) was added to a solution of 6.80 g (0.0253 mol) of (1)
in 40 mL of pyridine and 60 mL of water at room temperature.
While heating up, a strong exothermic reaction started, and the
temperature was kept at 95 �C for 3 h. After removing the excess
permanganate by adding methanol, manganese(IV) oxide was
removed by filtration. The filtrate was treated with charcoal and
acidified with diluted hydrochloric acid to precipitate the raw
product (2), whichwas achieved by filtration. To purify the acid, it
was dissolved in aqueous sodium carbonate solution, acidified
again, filtrated, and dried in vacuum to yield 1.39 g (14%) of (2).

1HNMR (200MHz,DMSO- d6): δ 0.64 (s, 6H), 8.23 (d, 4J=
1.61Hz, 4H), 8.46 (t, 4J=1.61Hz, 2H), 13.30 (s, 4H); 13CNMR
(400 MHz, DMSO-d6): δ-2.64, 131.27, 131.52, 138.90, 139.04,
167.06; IR (KBr): 2961, 2660, 2546, 1694, 1595, 1473, 1263,
1228, 1170, 1044, 816, 799, 781, 690, 679 cm-1.

Synthesis of the MOF PCN-12-Si. In a typical synthesis,
259 mg (1.07 mmol) of copper(II) nitrate trihydrate and
113 mg (0.291 mmol) of 5,50-(dimethylsilanediyl)diisophthalic
acid were dissolved in 15 mL of DMA. The resulting mixture
was placed in a Teflon lined autoclave and heated up to 85 �C
with a heating rate of 1 �Cmin-1. The temperature was held for
46 h before cooling to room temperature with a rate of 5 �C h-1.
The resulting blue powder was collected by filtration, washed
several times with 15 mL of DMA, and dried in air to yield
156 mg of PCN-12-Si.

Methods. NMR spectra were acquired using a Bruker
AVANCE 400 or a Varian Gemini-2000BB spectrometer. Infra-
red spectra were acquired using a Bruker Vertex 70 FT-IR
spectrometer. Powder X-ray diffraction patterns were recorded
at room temperaturewithaSTOESTADIP transmission-powder
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diffractometer using Cu KR radiation (40 kV, 30 mA; counting
time: 70 s; steps: 0.1�(2θ)).

Thermal analysis (thermogravimetry (TG)/mass spectrometry
(MS)) was conducted under O2/argon (20/80) flow (20 mLmin-1)
with a NETZSCH STA 409 thermobalance coupled by capillary
with a Balzers QMG 421mass spectrometer. The heating rate was
2 �C min-1 up to 200 and 5 �C min-1 from 200 to 800 �C.

Prior to physisorption measurements all samples were acti-
vated in vacuum at 150 �C for 24 h. During the activation
process, the samples of PCN-12-Si changed their color fromblue
to purple; however, the powder X-ray diffraction patterns
indicate that the structural integrity is affected only insignif-
icantly (see Supporting Information). Other attempts to activate
the material, such as solvent exchange with methanol and
dichloromethane as well as activation with supercritical solvent
extraction, did not result in samples with higher SBET values or
higher hydrogen uptake capacities. In some cases, even the
structural order of the frameworks collapsed, resulting in non-
porous samples.

Nitrogen physisorption data were recorded with a Quanta-
chrome QUADRASORB-SI-MP at 77 K. The specific surface
area was calculated from the adsorption branch in the rela-
tive pressure interval from 0.01 to 0.05 using the Brunauer-
Emmett-Teller (BET) method. The total pore volume was
estimated from the quantity of gas adsorbed at a relative
pressure of 0.18.

Volumetric hydrogen physisorption data were recorded at
77 K on a Quantachrome Autosorb 1-MP (purity of helium and
hydrogen: 99.999%).

Computational Details. GCMC simulations of the hydrogen
adsorption in PCN-12-Si at T=77 K were carried out using the
Sorption tool of the Materials Studio package.24 Dispersive
fluid-fluid and fluid-solid interactions were modeled using a
Lennard-Jones (LJ) 12-6potential. The hydrogenmoleculewas
modeled as a single van-der-Waals site (united-atom model),
and electrostatic interactions were neglected. To account for
the non-negligible quantum effects of hydrogen at low tempera-
tures25,26 a Feynman-Hibbs correction was applied to the LJ
potential27,28 (for detailed information, see Supporting Informa-
tion). The LJ parameters of aromatic carbon atoms were adjusted
to reproduce theoretical results that were obtained by Heine
et al. for the interaction of hydrogen with aromatic systems.29

The derivation of these parameters will be described in detail

elsewhere. The LJ parameters of all other framework atoms were
taken from theUniversalForceField (UFF).30Lorentz-Berthelot
mixing rules were applied to calculate solid-fluid interactions
(Supporting Information, Table S-2 summarizes all potential
parameters used). The absolute amount adsorbed Nabs obtained
from the simulation was converted to an excess amountNexc using
the following formula:Nexc(p)=Nabs(p)-FH2(p)�Vp. The density
of hydrogen at each pressure p was taken from experimental
reference data.31 The pore volumeVpwas calculated fromGCMC
simulations of Helium in PCN-12-Si at room temperature, using
appropriately scaled parameters to avoid an overestimation of the
He-framework interaction (see Supporting Information).

Results and Discussion

Synthesis. The synthesis of the new non-linear organo-
silicon tetracarboxylic acid linker (2) could be accom-
plished in a two step reaction, the first step involving
a lithium-mediated coupling reaction of 1-bromo-3,
5-dimethylbenzene and dichlorodimethylsilane, while
the second step comprised a standard oxidization reac-
tion of the methyl groups of the aromatic cores to the
corresponding carboxylic acid groups (Scheme 1). The
overall yield was 13.6%. The MOF PCN-12-Si could be
obtained by a solvothermal synthesis procedure of copper
(II) nitrate trihydrate and (2) in DMA. The activation
of the as-synthesized form, containing remnant solvent
molecules, at elevated temperatures (150 �C, 24 h) leads to
a porous compound with “open metal sites”.

Structure. Powder X-ray Diffraction and Structure
Modeling. The crystal size of the synthesized PCN-12-Si
compound was too small to allow for single-crystal X-ray
diffraction studies. However, a plausible structure could
be obtained by using molecular modeling techniques
in conjunction with the comparison to experimental
powder X-ray diffraction data. The structure of PCN-
12-Si was modeled in analogy to the procedure described
by Loiseau et al.,32 that is, by applying a sort of “homol-
ogymodeling”, using the structure of the original PCN-12
(CCDC entry No. 662918) as a starting point. However,
no a priori space group restrictions were applied. First,
the methylene groups of the original linker were substi-
tuted with the respective dimethylsilylene fragment of the
new linker (2). After removing any symmetry restrictions,

Scheme 1. Synthesis Path of the New Organosilicon Linker 5,50-(Dimethylsilanediyl)diisophthalic Acid (2)
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that is, setting the symmetry toP1, the constructed model
was submitted to a full energy minimization, including
optimization of the unit cell dimension and metric, with
parameters from the UFF as implemented in Materials
Studio 4.3.24 Van-der-Waals interactions (represented
by a classical 12-6 Lennard-Jones potential) beyond
12.5 Å were neglected. The convergence criteria were set
to 2.0�10-5 kcal mol-1 and 0.001 kcal mol-1Å-1, res-
pectively. The geometry optimization converged to result
in a plausible tetragonal structure with the space group
P4/mmm, No. 123 (a=b=33.7434 Å, c=23.3252 Å,R=β=
γ=90�, V=26,558 Å3). In Figure 1 the experimental and
simulated powder X-ray diffraction patterns are compared.
As they show an excellent agreement, it can be confidently
assumed that the structure model is correct.

Structure and Pore Description. As PCN-12-Si is an
isoreticular compound of PCN-12, the non-linear linker
(2) also adopts two different conformations:C2v, in which
the two phenyl rings face each other, and Cs, in which the
two ring planes of the phenyl rings are oriented perpen-
dicular to each other. The linker molecules oriented along
the a and b axis possess the point-group symmetry of Cs,
while those oriented along the c axis possess C2v symme-
try. The construction principle of the PCN-12-Si network
is visualized in Figure 2. Dicopper paddle-wheel motifs
form the secondary building units (SBUs) occupying the

12 vertices of a cuboctahedron, thereby realizing a
“closed packing” of potential “open metal sites”, while
24 isophthalate moieties span all 24 edges. Each square
face of a cuboctahedron is connected to another square
face of a neighboring cuboctahedral cage through four
linkers, and every cuboctahedron connects to six others in
three orthogonal directions to form a 3D net. In compar-
ison toPCN-12 the unit cell dimensions are slightly larger.
This can be easily explained by the fact that the Si-
CPh bond of the linker (2) is significantly longer (∼1.85 Å)
than the corresponding CCH2-CPh bond (1.48-1.54 Å) in
5,50-methylene-di-isophthalate.
A more detailed investigation of the pore geometry

reveals that four different types of pores can be distin-
guished: Cuboctahedral pores at 1/2, 1/2, 1/2 (pore type
A), cuboctahedral pores at 0, 0, 1/2 (pore type B), both
having approximately a diameter of 12 Å, smaller pores at
1/2, 1/2, 0 and 0, 0, 0 (pore type C, diameter of ∼ 8.5 Å),
and finally bigger pores at 1/2, 0, 0 (pore typeD, diameter
∼ 13 Å); for a detailed description and additional figures,
see Supporting Information, Figures S-6 to S-11.
Hitherto, only very few MOFs with organosilicon

linkers are described in the literature, all being structu-
rally different to PCN-12-Si and none of them containing
copper asmetal ion. Davies and co-workers33 reported on
Zn(II)-containing MOFs based on a series of silicon-
centered linkers (H3C)nSi(p-C6H4CO2H)4-n (n=0, 1, 2).
These linkers contain tetravalent silicon centers which
have been functionalized to give either tetra-, tri-, or
dicarboxylic acid derivatives. While the reaction of the
tetra-acid with Zn(II) centers gives 3DMOFs, which can
be described as an interpenetrating SrAl2 or sra-c net,
consisting of tetrahedral silicon-based connectors brid-
ging distorted tetrahedral bimetallic SBUs, the reaction
of the tri- or dicarboxylic acids with Zn(II) metal centers
give two-dimensional (2D) layered materials.
Furthermore, Lambert et al.22 obtained MOFs from

the reaction ofM(C6H4CO2H)4 (M=Si, Ge) with Zn(II).
The two structures are quite different from each other,
and both are different from that of the already known
MOF-3634 of C(C6H4CO2H)4 with Zn(II). The silicon
congener crystallizes in the orthorhombic space group
Pnna (No. 52), and the zinc portion consists of zinc-oxo
chains with two different, alternating zinc atoms. The
geometry around one zinc atom is a distorted trigonal
bipyramid (five-coordinate), and that around the other is
a distorted octahedron (six-coordinate).
Although not containing silicon, a linker which is

structurally related to the non-linear linker (2) was used
by Pan and co-workers.35 By reaction of 4,40-(hexafluor-
oisopropylidene)-bis(benzoic acid) [hfipbb] with Cu(II)
nitrate they obtained a 3D interpenetrated framework,
containing unique and perfectly ordered microporous
one-dimensional (1D) open channels (microtubes) built
upon a Cu2(hfipbb)4 paddle-wheel building unit. Inter-
estingly, while the linker mdip in PCN-12 and dmsdip (2)
in PCN-12-Si adopts two conformations belonging to the

Figure 1. Comparison of the experimental (black) and simulated (gray)
powder X-ray diffractograms of PCN-12-Si.

Figure 2. Visualization of the construction principle of PCN-12-Si:
Dicopper paddle-wheel motifs form the secondary building units (SBUs)
occupying the 12 vertices of a cuboctahedron while 24 isophthalate
moieties span all 24 edges. In the lower right panel the whole unit cell is
shown, viewed along the c direction.
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point group C2v (the planes defined by the two phenyl
rings face each other) andCs (the planes defined by phenyl
rings are oriented perpendicular to each other), respec-
tively, the conformation in hfipbb is in between these
extremes and possesses only the symmetry of C1.

N2Physisorption.The nitrogen physisorptionmeasure-
ments show a type-I isotherm (Figure 3) typical of micro-
porous materials. The adsorption and desorption branch
are closed; thus, no hysteresis behavior can be inferred.
The analysis of the isotherm (according to the criteria
of Rouquerol et al.)36 reveals a specific surface area of
SBET = 2430 m2 g-1 (calculated from the adsorption
branch in the relative pressure interval from 0.01 to
0.05) and a micropore volume of Vpore= 0.93 cm3 g-1

(d<2 nm; calculated at p/p0=0.18).
Thermal Analysis. The thermal stability of as-synthe-

sized PCN-12-Si was studied using TG-MS and DTA
(Figure 4).Theoverallmassdecrease canbe roughlydivided
into three parts: in a first step between 50 and 110 �C, the
material shows a mass loss of 5% because of the dehydra-
tion of the sample which corresponds to the detected mass
of water (m/z=18). It is followed by a second step, which is
accompaniedby thedetectionofDMA(m/z=87), between
110 and 210 �C. The last weight change, observed in the
temperature interval from 210 to 390 �C, generates carbon
oxides (CO, m/z=28; CO2, m/z=44) and is caused pre-
dominantly by the thermal decomposition of the network.
However, DMA is still detected up to 300 �C indicating a
delayed desolvation, which slightly overlaps with the ther-
mal decomposition of the material.

Hydrogen UptakeMeasurements.Volumetric low pres-
sure hydrogen adsorption at 77 K reveals a remarkable
H2 uptake of 2.6 wt %, at 1 bar (see Figure 5), which

ranges among the five highest values reported so far.21

However, the storage capacity at 1 bar is lower than for
the isoreticularmaterial PCN-12. Because of the results of
the thermal analysis of PCN-12-Si, one has to consider
that activation of the material overlaps with the ther-
mal decomposition, indicated by the detection of DMA
(m/z=87) up to 300 �C. Hence, further studies regar-
ding the activation process of PCN-12-Si are required.
Apart from the conventional thermally assisted activa-
tion procedure (in this case, at a temperature of 150 �C),
we also tried to activate the material by liquid solvent
exchange (methanol and dichloromethane) followed by

Figure 3. Nitrogen physisorption isotherm (0, adsorption; O, desorp-
tion) of a PCN-12-Si sample, activated for 24 h at 150 �C.

Figure 4. Thermogravimetric analysis (black) and differential thermal
analysis (gray) of as-synthesized PCN-12-Si.

Figure 5. Hydrogen adsorption isotherms of an activated sample
(150 �C, 24 h) of PCN-12-Si (0, experimental (volumetric data); 9, data
from GCMC simulations).

Figure 6. GCMC simulations of the high pressure hydrogen adsorption
atT=77KofPCN-12-Si (9, excess adsorption;b; absolute adsorption).

Figure 7. Slices through the calculated potential field: (a) (x, y, 0) slice,
(b) (x, y, 1/2) slice, (c) (x, y, 0.717) slice. For clarity, only atoms close to
the slices are displayed, and hydrogen atoms are omitted.

(36) Rouquerol, J.; Llewellyn, P.; Rouquerol, F. In Characterization of
Porous Solids VII; Lewellyn, P., Rodriguez-Reinoso, F., Rouquerol, J.,
Seaton, N., Eds.; Elsevier: Amsterdam, Stud. Surf. Sci. Catal. 2007, 160,
49-56.
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evacuation at a more moderate temperature as well as
by a supercritical activation process37 with CO2. Unfor-
tunately, these attempts were not successful, leading to
samples which show neither a higher H2 uptake capacity
nor higher SBET values. Further studies concerning
a more sophisticated activation protocol are currently
under way.

GCMCSimulations.TheGCMC simulation ofHelium
adsorption at room temperature delivers a pore volume of
0.78 cm3 g-1. This value is smaller than the micropore
volume derived from N2 physisorption measurements
(0.93 cm3 g-1). The Supporting Information, Table S-3
shows that a very similar deviation is observed forPCN-12,
while the calculated values for other MOFs are in better
agreement with experimental data. These differences are
probably caused by particular features of the PCN-12
structure type, which might lead to an increased nitrogen
density in the pores.
The agreement between the simulated and experi-

mental hydrogen adsorption isotherm forT=77Kat pre-
ssures up to 1 bar, presented in Figure 5, is remarkably
good. At higher pressures, the simulation predicts a
saturation uptake of approximately 4.8 wt % which is
attained in the range of 30 bar (Figure 6). At 60 bar, an
absolute amount of 6.0 wt% is reached. In comparison to
other Cu-MOFs, the predicted saturation loading of PCN-
12-Si ranges well above Cu3(btc)2

28 and MOF-505 (also
termed NOTT-100),38 which exhibit similar H2 uptakes at
1 bar. The fact that UMCM-15039 and NOTT-101, -102,
and -10338 can store somewhat larger amounts of hydrogen
at high pressures is clearly related to the larger pore volume
of these compounds.
Furthermore, the GCMC simulations deliver the iso-

steric heat of adsorption qst. The calculated values of qst

are plotted forH2 loadings up to 4.5 wt% (corresponding
to pressures up to 10 bar) in the Supporting Information,
Figure S-3. The qst value extrapolated to zero loading
amounts to 6.7 kJ mol-1, which is very similar to experi-
mental values obtained for other Cu-MOFs, such as
Cu3(btc)2 (6.8 kJ mol-1),40 NOTT-100 to NOTT-107
(5.3-6.7 kJ mol-1),38 or UMCM-150 (7.3 kJ mol-1).39

In contrast to most of these compounds, the qst values of
PCN-12-Si decrease only slightly upon increasing hydro-
gen loading, exceeding 5.5 kJmol-1 even when saturation
is nearly attained.
Sparked by this interesting observation, we investi-

gated the adsorption positions in more detail using the
H2 potential field resulting from the GCMC simulations.
Because fluid-fluid interactions will increasingly influ-
ence the potential field upon increasing pressure, the field
derived from a calculation at low pressure (p=0.1 bar)
was studied. Three slices where cut through the potential
field in an orientation perpendicular to the c-axis at
different z-coordinates (Figure 7 a-c).
The (x, y, 0) slice shows areas of high interaction

potential within the small cuboctahedral pores at the
origin (pore type C) and the (a,b) face of the unit cell.
The highest potential values (approximately -6.4 kJ
mol-1) are reached at the faces of the cuboctahedra,
which are closely surrounded by two Cu2 paddle-wheels
and two Si atoms. In the (x, y, 1/2) slice, regions of even
higher potential (approximately -7.1 kJ mol-1) are visi-
ble. They correspond to the pockets adjacent to the
central cuboctahedral pores (pore type A), which have
two paddle-wheels, four benzene rings, and two Si atoms
in their direct environment. The (x, y, 0.717) slice shows
confined areas of similar interaction strength. They cor-
respond to pockets, which are neighboring the large pores
centered at (1/2, 0, 0) (pore type D), and the cuboctahe-
dral pores centered at (0, 0, 1/2) (pore type B), respec-
tively. The former are surrounded by two paddle-wheels
and three benzene rings. Concerning the latter, a 3D plot

Figure 8. 3Dplot of the calculatedpotential field for a pocket neighboring the pore at (0, 0, 1/2). The same color scheme as inFigure 7 is used, but only field
values higher than -2 kJ mol-1 are displayed. The figure on the right-hand sized is intended to clarify the geometry of the pocket, using the same
representation as in the Supporting Information, Figure S-7.

(37) Nelson, A. P.; Farha, O.K.;Mulfort, K. L.; Hupp, J. T. J. Am.Chem.
Soc. 2009, 131, 458–460.

(38) Lin, X.; Telepeni, I.; Blake, A. J.; Dailly, A.; Brown, C.M.; Simmons,
J.M.; Zoppi,M.;Walker, G. S.; Thomas,K.M.;Mays, T. J.; Hubberstey, P.;
Champness, N. R.; Schr

::
oder, M. J. Am. Chem. Soc. 2009, 131, 2159–2171.

(39) Wong-Foy, A. G.; Lebel, O.; Matzger, A. J. J. Am. Chem. Soc. 2007,
129, 15740–15741.

(40) Rowsell, J. L. C.; Yaghi, O. M. J. Am. Chem. Soc. 2006, 128,
1304–1315.
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of the potential field is shown in Figure 8. The plot reveals
that a relatively strong interaction is present through-
out the pore, the highest potential being reached in
the central regions, which are located at equal dis-
tance to several paddle-wheels, benzene rings, and/or
Si atoms.
The study of the potential field shows that the favorable

hydrogen adsorption properties of PCN-12-Si can be
directly related to the presence of voids of relatively
small diameter (pores and pockets<9 Å) in the structure.
The value of the potential field can reach up to -7 kJ
mol-1 in these small voids because several framework
atoms contribute considerably to the total solid-fluid
interaction energy. Since there are numerous small voids
per unit cell, with each of these voids being able to
accommodate several H2 molecules, the relatively high
heat of adsorption of this compound, even at high
hydrogen loadings, can be understood from these obser-
vations, too.

Conclusions

It has already been discussed that the presence of unsatu-
rated metal sites could be a possible route to create MOFs
with high hydrogen adsorption enthalpies. The original
PCN-12 structure was designed as a close packing of open
Cu sites. Short metal-H2 distances and relatively high inter-
action strengths at open metal sites, which have been ob-
served experimentally, for instance, in Cu3(btc)2,

18,41 indicate
that the adsorption at these sites is not dominated by
dispersive interactions. Therefore, it is obvious that no
adsorption at these sites is predicted from the GCMC
simulations, which are based solely on van-der-Waals inter-
actions. The fact that the simulation is in very good agree-
ment with experimental data in spite of this shortcoming,
together with the observation that DMA is still present in the
structure after exposing the sample to the activation tem-
perature, indicate that PCN-12-Si could not be activated
completely. This would also explain the reduced uptake of
PCN-12-Si with respect to PCN-12, particularly at very low
pressures.
However, it should not be overlooked that the adsorption at

the “openmetal sites” cannot account formore than0.78wt%
in PCN-12-Si (or 0.86 wt % in the original PCN-12), assum-
ingmaximal activation and one adsorbed hydrogenmolecule

per Cu site.42 While it seems reasonable to attribute part of
the exceptionally high hydrogen uptake of PCN-12 at 1 bar
to adsorption at these sites, there must be other favorable
factors. The simulations presented here for the isostructural
compound PCN-12-Si show that the particular arrangement
of the non-linear linker (2) between the Cu2 paddle-wheels
leads to a formation of numerous small voids with high
adsorption potential. Thus, the PCN-12 structure type com-
bines both approaches which are intended to increase the
hydrogen adsorption enthalpy, namely, (a) tailoring frame-
works, in which overlapping potentials from one or more
pore walls with interacting H2 molecules result in higher
binding energies and (b) creating attractive surface sites
within the MOFs via the formation of “open metal sites”.
The development of a more efficient and complete activa-

tion procedure, as well as investigations on the importance of
the presence of the silylene group in PCN-12-Si instead of the
methylene group in PCN-12, for instance, in terms of
polarizability and effects on the specific surface area, is
currently under way.
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Supporting Information Available: (1) Comparison of the
P-XRD patterns of as-synthesized and activated samples of
PCN-12-Si as well as of the simulated pattern (2) experimental
low-pressure hydrogen adsorption data, (3) table with the unit
cell metric and atomic coordinates of the structural model of
PCN-12-Si, (4) derivation of H2 parameters, (5) table of force-
field parameters, (6) calculation of the pore volume, (7) hydro-
gen adsorption data of GCMC simulations, (8) calculated
values of isosteric heat of hydrogen adsorption, (9) calculated
hydrogen adsorption isotherm for PCN-12 (10) description of
the different pore types in PCN-12-Si. This material is available
free of charge via the Internet at http://pubs.acs.org.
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(42) GCMC simulations for PCN-12 using the same parameters deliver a
hydrogen uptake of 2.2 wt % at p=1 bar, while the experimental value
amounts to 3.05 wt%. This underestimation is in line with the statement that
the interaction of hydrogen with the unsaturated metal sites is not accounted
for in the simulations, and vice versa, the good agreement observed for
PCN-12-Si reflects the incomplete activation of themetal sites in this system. If
a complete activation of the metal sites was possible for PCN-12-Si, an uptake
of well above 3 wt % at 1 bar could be expected. The simulated isotherms for
PCN-12 are shown in Supporting Information, Figures S-4 and S-5.


