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Effect of Larger Pore Size on the Sorption Properties of
Isoreticular Metal–Organic Frameworks with High Number of
Open Metal Sites

Pascal D. C. Dietzel,*[a] Peter A. Georgiev,*[b] Morten Frøseth,[c] Rune E. Johnsen,[d]

Helmer Fjellv,g,[e] and Richard Blom[c]

Abstract: Four isostructural CPO-54-M metal-organic frame-

works based on the larger organic linker 1,5-dihydroxynaph-
thalene-2,6-dicarboxylic acid and divalent cations (M = Mn,

Mg, Ni, Co) are shown to be isoreticular to the CPO-27

(MOF-74) materials. Desolvated CPO-54-Mn contains a very
high concentration of open metal sites, which has a pro-

nounced effect on the gas adsorption of N2, H2, CO2 and CO.
Initial isosteric heats of adsorption are significantly higher

than for MOFs without open metal sites and are slightly

higher than for CPO-27. The plateau of high heat of adsorp-

tion decreases earlier in CPO-54-Mn as a function of loading
per mole than in CPO-27-Mn. Cluster and periodic density

functional theory based calculations of the adsorbate struc-

tures and energetics show that the larger adsorption energy
at low loadings, when only open metal sites are occupied, is

mainly due to larger contribution of dispersive interactions
for the materials with the larger, more electron rich bridging

ligand.

Introduction

Coordination polymers with accessible coordination sites (also

called open metal sites or coordinatively unsaturated metal

centers) are extremely interesting for application in gas adsorp-
tion and separation,[1] catalysis,[2] or sensing.[3] The exposed

metal cations of these organic-inorganic hybrid materials often

exhibit interaction of significant strength with sorbate mole-

cules, which can span the range from physisorption to chemi-
sorption, where actual coordination complexes with the guest

molecules are formed.[4] The interaction between cation and

sorbate can be highly specific for a given combination of
framework structure, metal cation and sorbate molecule. It is

therefore desirable to have a wide selection of compounds
available, composing a variety of topologies, and based on dif-

ferent elements as cations so that the most suitable material
can be selected for a given application. In addition, a high con-

centration of open metal sites affects the overall properties of

the material, which is particularly beneficial for the use of the
material in gas storage or separation.

Many coordination polymers with open metal sites are
based on a few recurring structural motifs. One example is the
paddle wheel unit found in Cu3(btc)2/HKUST-1[5] and structural-
ly similar compounds, most frequently formed by copper(ii)
and zinc(ii), but also known to occur in molybdenum(II) and
chromium(II) compounds. Another example is the trimeric clus-
ter of condensed octahedra which is present in MIL-88, MIL-
100, MIL-101 and similar compounds.[6] The M3O or M3(OH)
cluster in these is adopted by a range of cations like chro-

mium,[6b, c, 7] vanadium,[8] iron,[6a, 9] nickel,[10] cobalt,[11] scandi-
um,[12] manganese,[13] indium,[13b, 14] and gallium.[15] A third type

of inorganic cluster with open metal sites is the M4Cl cluster in

the M-BTT compounds.[16] These three motifs are isolated sec-
ondary building blocks that are interconnected in the metal-or-

ganic framework by the organic linker. In contrast, another re-
curring motif is that of an extended one-dimensional chain of

condensed metal-oxygen coordination octahedra found in the
CPO-27 type compounds (alternatively known as MOF-74,
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M2(dhtp), or M2(dobdc), where H4dhtp/H4dobdc is 2,5-dihy-
droxyterephthalic acid) which are interconnected by the organ-

ic linker to form a honeycomb-like structure. Compounds with
this structure can be obtained with several divalent cations like

zinc,[17] cobalt,[18] nickel,[19] magnesium,[20] manganese,[21] iron,[22]

copper,[23] and cadmium[24] allowing for the exploitation of spe-
cific chemical properties of the individual metal cation within a
series of isostructural compounds. The condensed nature of
the inorganic part of the structure and the highly symmetric

crystal structure results in a high number of open metal sites
per volume in the structurally stable desolvated materials,

which is to date unprecedented among coordination polymers.
Consequently, the adsorption properties of the M2(dhtp) series

have been extensively studied[20a, 21, 23b, 25] and are of considera-
ble interest in a number of applications.[26]

The isoreticular approach is a powerful concept for the syn-

thesis of coordination polymers with identical topology and
variable pore sizes using organic linking molecules of similar

connectivity.[6d, 9b, 14d, 27] The decisive structure-directing factor in
the formation of CPO-27/MOF-74 is the way the organic linker

interacts with the divalent metal cations in creating the coordi-
nation environment of the cation. It is determined by the inter-

play between the steric arrangement of the a-oxidocarboxy-

late functional groups of the linker and the ionic radius of the
cation. Each a-oxidocarboxylate coordinates four metal cations

utilizing a number of coordination modes, including a chelat-
ing mode, which imposes restraints on the permissible size of

the ions fitting into the structure. In effect, five of six oxygen
atoms surrounding each metal cation belong to organic ligand

molecules, while the sixth coordinated oxygen atom belongs

to a solvent molecule (usually DMF or water). The inorganic
secondary building unit of chiral helical chains of metal

oxygen coordination octahedra condensed through edges in
cis-position is a result of the concerted effect of the coordina-

tion chemistry of the linker molecules coordinating the metal
cations. Alternative organic linkers to 2,5-dihydroxyterephthalic

acid also having a-hydroxycarboxylic acid functional groups

can be used to obtain isoreticular MOF-74 compounds.[28]

Herein, we report the successful synthesis of a series of coor-

dination polymers, denominated as CPO-54-M (CPO: Coordina-
tion Polymer of Oslo), based on divalent cations of manganese,

magnesium, cobalt, and nickel and the organic linker 1,5-dihy-
droxynaphthalene-2,6-dicarboxylic acid (H4dondc).[28a, b, 29] The

manganese member of the series has been further character-
ized. Structure determination of the as-synthesized and desol-
vated compound confirms the presence of an open metal site

in the desolvated compound. The properties of this large pore
analogue are compared with the corresponding CPO-27 mate-

rial using thermal analysis, gas adsorption measurements and
computational methods.

Results and Discussion

Synthesis and crystal structure

The CPO-54 compounds were obtained as fine crystalline pow-
ders by solvothermal reaction of metal acetate with H4dondc

in a N-methyl-2-pyrrolidone (NMP)/water mixture. The powder
X-ray diffraction patterns look remarkably similar to the pat-
terns of the CPO-27 series, with a noticeable shift of reflections
of corresponding Miller indices towards larger d values, indicat-

ing an increase in the corresponding lattice parameters
(Figure 1 and Table 1). Details of synthesis, powder X-ray dif-

fraction, indexing and profile fits for the four compounds are
included in the Supporting Information.

To confirm that CPO-54 is isoreticular with CPO-27, we per-
formed a crystal structure determination of one member of
the series, CPO-54-Mn. Because single crystals of a suitable size

for crystal structure determination were unavailable, the crystal
structure was determined from powder X-ray diffraction data

collected at the Swiss-Norwegian Beamlines at the ESRF using
simulated annealing and Rietveld refinement techniques imple-

mented in TOPAS (Table 2, full details are given in the Support-

ing Information).
CPO-54-Mn is indeed isostructural to the CPO-27 com-

pounds. The framework structure resembles a honeycomb
(Figure 2) with chains of edge-condensed metal oxygen octa-

hedra located at the corners of the hexagons forming the hon-
eycomb pattern. The metal cations at the center of the octahe-

dra form a threefold helix along the c axis. Nearest neighbor

helices are of opposite handedness as a consequence of the
presence of the inversion center of the centrosymmetric space

group. The condensed aromatic rings of the naphthalene de-
rived ligand are stacked in a laminar arrangement along the c

axis, forming the walls of the honeycomb. The large channel is

Figure 1. Powder X-ray diffraction patterns of the isostructural CPO-54-M
series in comparison to CPO-27-Ni (l= 1.5406 a).

Table 1. Lattice parameters of the CPO-54 compounds as obtained from
profile fits of the home lab powder X-ray data (included in the Support-
ing Information).

Compound Space group a [a] c [a] V [a3]

CPO-27-Ni[a] R3̄ 25.9783(7) 6.6883(2) 3909.0(2)
CPO-54-Ni[b] R3̄ 29.340(6) 6.941 (2) 5175(3)
CPO-54-Mg[b] R3̄ 29.408(2) 7.0801(6) 5302.8(7)
CPO-54-Mn[b] R3̄ 29.72(2) 7.121(3) 5449(6)
CPO-54-Co[b] R3̄ 29.49(2) 6.996(6) 5268(8)

[a] ref. [19] . [b] This work.
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filled with solvent molecules which were assumed to be pre-

dominantly water in the structure refinement. However, some
calculated short interatomic distances indicate that there

either is significant disorder in the solvent area or it still con-

tains some NMP, as is also indicated by the thermogravimetric
analysis (see below). The asymmetric unit contains one metal

atom and half a molecule of the organic linker, in agreement
with the composition M2(dondc)·solvent. The hydroxyl and car-

boxylic acid functional groups of the organic linker are depro-
tonated, resulting in charge neutrality of the framework. The

oxygen atoms of the resultant oxido and carboxylate groups

account for five of the six oxygen atoms coordinating the
metal cation, while the final atom of the coordination octahe-

dron is part of a solvent molecule.

Thermal analysis and variable-temperature powder X-ray
diffraction

Thermal analysis of CPO-54-Mn shows a relatively continuous
mass decrease until the material is decomposed (Figure 3 a).

There is no apparent plateau that would indicate a tempera-
ture range where the desolvated compound is stable. This con-

trasts with the behavior of the CPO-27 compounds, which
show a plateau of stability after removal of the solvent from
the pores. However, in light of the structural similarity with the

stable CPO-27 frameworks, we found it unlikely that the CPO-
54-Mn framework disintegrates because of solvent removal. In

fact, the complementary analysis by variable temperature
powder X-ray diffraction shows that CPO-54-Mn remains well
crystalline until approximately 175–200 8C, indicating that the
framework is stable at temperatures usually employed in the
pre-treatment of porous coordination polymers before adsorp-

tion experiments (Figure 3 b). Above this temperature, the dif-
fraction intensities start to decrease until all crystalline contri-
bution to the pattern has disappeared at around 250–300 8C.
Based on these observations, we attribute the lack of a plateau
in the TG measurement to the presence of NMP in the pores
of the material.

Due to the boiling point of NMP of 202 8C, it is unlikely to

be removed completely before the framework starts to decom-
pose, that is, solvent removal and combustion of the frame-

work overlap in the thermogravimetric experiment. This inter-

pretation of incomplete solvent removal from the as-synthe-
sized compound is further confirmed by the observation that

the lattice parameters never reach the values of the desolvated
structure, as obtained for a methanol-washed material.

Table 2. Crystallographic data obtained from the Rietveld refinement of
as-synthesized and desolvated CPO-54-Mn.

Compound CPO-54-Mn
(as-synthesized)

CPO-54-Mn
(desolvated)

formula C6H2MnO3·(H2O)x C6H2MnO3

space group (nr) R3̄ (148) R3̄ (148)
Z 18 18
a [a] 29.7247(12) 29.5185(28)
b [a] 29.7247(12) 29.5185(28)
c [a] 7.1376(3) 6.9655(10)
b [8] 120 120
V [a3] 5461.6(5) 5256.2(12)
l [a] 0.50006 0.50199
2q range 1.65–25.0 1.5–25.0
Rp 5.34 3.90
Rwp 7.08 4.98
Rexp 4.69 2.18
Gof 1.51 2.29
RBragg 2.64 1.76

Figure 2. Crystal structure of solvated CPO-54-Mn (a and c) and desolvated
CPO-54-Mn (b and d). Cut-out view of the helical chains of condensed
metal-oxygen coordination polyhedra (b and d).
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Crystal structure of empty CPO-54-Mn

As a consequence of the factual thermal stability of the frame-
work, replacement of the high boiling solvent in the pores by

lower boiling solvents should make it possible to obtain the
desolvated compound with full preservation of the crystalline
framework. To demonstrate this, we submersed a sample of
CPO-54-Mn in methanol after recovery from synthesis. The su-
pernatant solvent was replaced with fresh methanol once per

day for three days. Subsequently, the sample was filtered
under inert conditions and the solvent contained in the pores

was removed in a dynamic vacuum at 110 8C. Framework sta-
bility and absence of solvent from the pore space are con-
firmed by crystal structure determination of the desolvated

compound (Table 2). The coordinated solvent molecule at the
metal cation has been removed as well, leaving it in square-

pyramidal coordination with the available sixth coordination
site accessible from the pore volume (Figure 2 b and d). The

empty pore volume accounts for 58 % of the total volume of
the crystal structure. Calculation using the approximation of a

perfectly cylindrical shape of the channel along the c axis
yields an average pore diameter of 13.6 a (and corresponding-

ly an apparent pore diameter of 10 a when corrected for the
kinetic diameter of a nitrogen probe molecule), compared to

12.3 a (and an apparent diameter of 8.7 a) for CPO-27-Mn.
The fact that the framework structure remains stable when

the solvent molecule coordinated to the metal cation is re-

moved leads to the creation of an open metal site, which im-
parts the exceptional adsorption properties onto the CPO-27

(and analogous) compounds. The CPO-27 materials have a
record number of open metal sites, for example, 6.58 V

10@3 mol g@1 in CPO-27-Mn. CPO-54-Mn has slightly smaller
values because of the extended and heavier ligand, with 5.65 V

10@3 mol g@1. Still, it significantly exceeds the values for other

MOFs with open metal sites (e.g. HKUST-1/Cu3(btc)2 : 4.55 V
10@3 mol g@1). Our further characterization of CPO-54-Mn had

the aim of investigating the effect of the larger ligand and
pore size on the properties in comparison to the smaller CPO-

27 analogue.

Gas adsorption

Gas adsorption confirms the permanent porosity of the materi-

al (Figure 4). The experimental pore volume of 0.58 cm3 g@1

corresponds very well with the value of 0.57 cm3 g@1 calculated

from the crystal structure data of the empty framework struc-

Figure 3. a) Thermogravimetric data of CPO-54-Mn (green) and CPO-27-Mn
(magenta). b) variable-temperature powder X-ray diffraction patterns mea-
sured using synchrotron radiation for as-synthesized CPO-54-Mn (left,
l= 0.70819 a) and CPO-54-Mn washed with methanol (right, l= 0.7207 a).
Bottom: Evolution of lattice parameters and integrated intensities of the
(21̄0) and (030) reflections of the two samples.

Figure 4. a–b) Nitrogen sorption isotherms at 77 K, c) hydrogen sorption at
77 and 87 K, d) CO2 sorption at 278, 298 and 313 K, e) CO sorption at 278,
298 and 313 K in CPO-54-Mn (blue) and CPO-27-Mn (red), f) isosteric heat of
adsorption in CPO-54-Mn (blue) and CPO-27-Mn (red) for H2 (diamonds), CO2

(circles) and CO (triangles) as a function of loading (formula unit).
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ture. The BET and Langmuir surface areas are 1386 and
1494 m2 g@1, respectively. The good fit between the experimen-

tal pore volume obtained from the gas adsorption experiment
and the calculated pore volume derived from the crystal struc-

ture indicates that the material was indeed successfully and
completely desolvated. Furthermore, the semi logarithmic plot

shows that nitrogen is adsorbed in a multi-step mechanism
that is similar to CPO-27.[30] The first step in the isotherm ac-
counts for adsorption at the thermodynamically most favored

adsorption site in the framework, which was identified as the
empty coordination site in the vicinity of the MII centers in pre-
vious studies on CPO-27.

The volumetric concentration of open metal sites in CPO-54-

Mn (3.4 sites per nm3) is naturally smaller than in the CPO-27-
M materials (4.3–4.6 sites per nm3) because of the larger unit

cell of the CPO-54 compound. However, the concentration of

open metal sites is still significantly larger than for most other
coordination polymers with open metal sites, for example,

HKUST-1 (2.6 sites per nm3), Mn-BTT (1.8 sites per nm3), or MIL-
100 (1.7 sites per nm3). Open metal sites have a major impact

on the adsorption properties of the porous material, which we
demonstrate for the adsorption of CO2, H2, and CO in CPO-54-

Mn (Figure 4). At atmospheric gas pressures, CPO-54-Mn ad-

sorbs 1.5 wt % (7.6 mmol g@1) hydrogen at 77 K, 15.8 wt %
(4.3 mmol g@1) CO2 at 298 K, and 5.1 wt % (1.9 mmol g@1) CO at

298 K. More enlightening for an evaluation of the adsorption
properties are the isosteric heats of adsorption, Qst, derived

from several measurements at different temperatures. An initial
plateau of close to constant heat of adsorption is observed for

CO2 and H2 before it significantly decreases at loadings larger

than approximately 0.5 adsorbate molecules per formula unit
(f.u.). The initial heat of adsorption of hydrogen in CPO-54-Mn

is relatively unchanged in the range 9–10 kJ mol@1 before drop-
ping to 5–6 kJ mol@1. The latter is a typical value for micropo-

rous coordination polymers without coordinatively unsaturated
metal centers, where the adsorption sites are located near the
polar coordinative bond between cation and oxygen or nitro-

gen from the ligand or at the organic linkers. Such sites are
found as secondary and tertiary sites in CPO-27 and other
MOFs with open metal sites. The relatively high initial Qst value
in CPO-54-Mn reflects the presence of the open metal site. For

CO2, the initial plateau of Qst is in the 34–36 kJ mol@1 range
before dropping to below 30 kJ mol@1 at nads >0.5 mol f.u.@1.

The stationary value of the second plateau is not reached at
the maximum uptakes observed for the selected temperatures.
CO has an initial Qst of 34 kJ mol@1 which decreases approxi-

mately linearly with increasing loading, reaching 30 kJ mol@1 at
nads = 0.3 mol f.u.@1 which is the maximum uptake at ambient

temperature for the maximum pressure attained in our study.
The host–guest structures of various adsorptives in the

smaller pore CPO-27 materials have been intensively investiga-

ted.[23b, 25m, 31] The adsorption results for CPO-54 can be inter-
preted in analogous sense in that the open metal site in the

desolvated CPO-54-Mn is the primary adsorption site and
therefore represents the major contribution to the high initial

isosteric heat of adsorption. It continues to dominate Qst at the
successive loadings, where Qst fluctuates only by small

amounts. Subsequently, after surpassing the threshold of
about 0.5 molecules adsorbate per open metal site and as ad-
ditional adsorption sites become occupied, the heat of adsorp-
tion decreases to lower values typical for coordination poly-
mers without open metal sites.

Similar plateaus of high isosteric heat of adsorption have

been observed for guest molecules adsorbed in the CPO-27
materials, in which case the first plateau is even more pro-

nounced and extends until almost full occupancy of the metal
site is reached. Such uniform adsorption properties with as
high capacity as possible are desirable for most applications in

gas storage or separation. On comparison with CPO-27, there
are three major differences noticeable in the adsorption behav-

ior of CPO-54-Mn. 1) The maximum heat of adsorption Qst, at-
tained at low loadings, is, for all studied adsorbents, slightly

higher for the larger pore CPO-54-Mn material than for CPO-

27. 2) The Qst in the CPO-54 material drops earlier than in CPO-
27 with increasing loading for all of the studied adsorbents. It

approaches values more typical for the non-metal sites already
for loadings below 1 adsorbate molecule per f.u. 3) The Qst

curve for CO drops faster and approximately linearly relative to
the other adsorbates.

The open metal site in the CPO-27 and CPO-54 compounds

is located at the corner of the hexagon forming the honey-
comb. It is circumscribed by the surrounding walls, while in

the majority of compounds with open metal sites, they are
part of an isolated inorganic clusters, in which the adsorption

site is exposed to the pore volume on all sides except that of
the metal cation. The additional boundaries created by the

close proximity of the pore walls in CPO-54 thus may lead to

an increased contribution of dispersion interactions to the
heat of adsorption. In fact, we observe that the initial heat of

adsorption for CPO-54-Mn is slightly higher than for CPO-27-
Mn. However, as occupation of adsorbate on the open metal

site increases, the effect of the larger ratio of wall area to
metal site leads to an earlier decrease in Qst for CPO-54 than

observed for CPO-27.

Computational study

We performed series of both periodic and cluster model com-

putational studies to investigate the sorption mechanisms in
CPO-54-Mn in greater detail and reveal the cause of the differ-
ences in the sorption behaviors in comparison to CPO-27.

In very good agreement to experiment, the computed inter-
actions between all of the studied guests, H2, CO, and CO2,

and the larger framework of CPO-54-Mn appear stronger than
those obtained for CPO-27-Mn (Tables S2–S5 in the Supple-

mentary Information). From the periodic model (Table S2) cal-
culations we conclude that this is due to stronger host-guest

dispersive interactions. In all cases, both binding energies and

distances between adsorbate molecule and metal center indi-
cate a predominantly physisorptive regime, even though orbi-

tal interactions are not totally absent. Direct adsorbate-adsor-
bate interactions within a unit cell of the CPO-54 structure

seem to be relatively small, as the binding energies for 0.5, 1,
and 2 CO2 per Mn center change by only up to one kJ mol@1
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(Table S4). We should point out that, within the structural set
up of the present simulations, a loading of 1 corresponds to

an adsorbed molecule at each MnII ion while that of 0.5 has an
adsorbate at every MnII center along a -(O)2-Mn-(O)2- helical

chain, but half of the chains remain empty. This represents a
computationally cheap way of computing fractional adsorbate

loadings, at increments of 0.5 adsorbate molecules per f.u. , by
always using the 54/72 atom primitive unit cells of the corre-

sponding desolvated CPO-27/54 structures.

Adsorption of CO at the central position of the 92-atom clus-
ter clearly leads to significant charge redistribution along the

-(O)2-Mn-(O)2- helical chain, causing a charge drop at the
neighboring Mn-ions from + 1.28 to + 1.01 while the central

binding site charge is changed from + 1.27 to + 1.49, i.e. there
is a net charge drop on the three Mn-ions of nearly 0.2 e@ .

When CO2 is adsorbed at the central MnII ion, the correspond-

ing net charge drop is 0.49 e@ , which is partly compensated by
larger dispersive contribution involving both host-guest and

guest-guest interactions. These effects directly affect the be-
havior of the isosteric heat of adsorption of CO and CO2 in the

material, leading to a quick drop from the maximum values at
low loading, when neighboring MnII centers become occupied

even before the capacity of the metal sites is exceeded and a

significant part of the guest molecules are adsorbed at secon-
dary and tertiary sites close to ligand oxygen atoms and indi-

vidual ligand fragments. A similar effect was experimentally
observed at a microscopic level via in situ FTIR of adsorbed CO

in the isostructural CPO-27-Ni material and was also confirmed
by DFT based simulations.[32] This kind of “chain binding satura-

tion” can, in principle, explain the relatively sharp dropping Qst

curve of CO that contrasts with the usual plateau of relatively
constant values for loadings well below 1 molecule per f.u. ob-

served for most adsorptives in these materials.
The dependence of the computed average binding energy

as a function of carbon dioxide loading in the two materials
shows clear differences. The larger pore volume allows higher

loadings of up to 4CO2/f.u. in CPO-54-Mn (Figure 5 a), com-

pared to CPO-27-Mn (experimentally observed &2.2 CO2/f.u.).
These simulations readily relaxed to the stringent convergence
criteria on forces (<1 meV a@1). The binding energy in CPO-27-
Mn (Figure 5 b) slightly increases for loadings up to 1.5 guest

molecule per metal center (f.u.). This is due to long range at-
tractive interactions. In contrast, the binding energy in CPO-54-

Mn stays constant up to 1 guest molecule per f.u. and is al-
ready dropping for 1.5 CO2 per f.u.

The drop in binding energies, respectively in isosteric heats
of adsorption should be compensated at least in part by at-

tractive adsorbate-adsorbate dispersive interactions, which are
of larger magnitude for CO2 than for CO (by about 2 kJ mol@1).

Hence, a faster drop in the corresponding Qst is observed for
CO, as seen in Figure 4 f. In addition, configurational entropy

effects gain significant magnitude compared to the corre-
sponding site binding energies near room temperatures and

above. Thus, the corresponding TDS term in the chemical po-

tential, where T is the temperature and DS is the change in the
corresponding configurational entropy upon adsorption,

would rise by about 4.4 kJ mol@1 on going from 1/6 metal site
occupancy to 6/6 (1 per f.u.) at 298 K. To minimize this effect,

the higher the isotherm temperature is, the earlier the mole-
cules start to occupy secondary and possibly also tertiary ad-

sorption sites, gaining configurational entropy which minimiz-

es the free energy at the corresponding loading and tempera-
ture conditions, and respectively the gas pressure above the

solid by involving adsorption sites of lower binding strengths.
As previously shown for the case of H2, most of the binding

energy in CPO-27-Mn and -Cu is due to dispersive interac-
tions.[23b] Similar binding mechanisms operate in CPO-54-Mn

(ca. 2/3 of the total binding energy is due to dispersive forces)

as seen in the data presented in Table S2. Both periodic and
cluster calculations result in a relatively weak red shift of the

intramolecular vibrational frequency of the H2 molecule, com-
parable to that observed previously in the CPO-27-M materials,

and also other MOF structures such as HKUST-1.[25b, 32–33] The vi-
brational frequencies of H2 at a loading of 18 H2 molecules per

f.u. , meaning three sites are fully occupied, are 1) 4165 cm@1,

compared to 4178 cm@1 for 1 H2 per f.u, 2) 4240 cm@1, and
3) 4245 cm@1 still redshifted by about 70 cm@1 as compared to

the free state. The corresponding average of the binding
energy for H2 (over the three sets of adsorption sites) drops to

10.8 kJ mol@1, of which a substantial fraction of 8.5 kJ mol@1 is
due to dispersive interactions (Table S2 in the Supplementary
Information).

Similar results have been reported for Mg2(dobpdc), which
has an even larger pore diameter than CPO-54.[34] The isosteric

heat of adsorption for CO in CPO-54-Mn shows a more rapid
decrease as a function of coverage than with CO2 and H2 as
adsorptive. Our computational results show that adsorption on
a MnII site leads to a significant decrease of the charge at adja-

cent metal cations (see Supporting Information). As a conse-
quence, subsequent adsorbate molecules will encounter dimin-
ished interaction, which is reflected in the more rapid decrease
in Qst.

The part of the pore surface that belongs to the organic

linker rather than to the open metal site is larger in CPO-54
than in CPO-27, resulting in a larger number of potential ad-

sorption sites elsewhere than at the metal site, for example,

closer to the organic linker, and these are therefore playing a
non-negligible role in the trend observed for the isosteric heat

of adsorption in CPO-27 and CPO-54. This increased ratio may
be responsible for the observation that the first plateau of Qst

ends at lower relative loadings in CPO-54 than in CPO-27. This
places CPO-54-Mn as intermediate in behavior between CPO-

Figure 5. a) Hexagonal unit cell of CPO-54-Mn with 4CO2/f.u, optimized
within the R3̄ space group. b) Average binding energy, Eb, of CO2 in CPO-27-
Mn and CPO-54-Mn.
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27 and coordination polymers with open metal sites on isolat-
ed inorganic clusters.

Conclusions

In summary, we have reported a series of isostructural coordi-

nation polymers with honeycomb topology, denominated
CPO-54-M with M = Mn, Mg, Ni, and Co. Their crystal structure

is isoreticular to that of the CPO-27-M type materials. The CPO-
54 materials also contain a high concentration of open metal
sites in the desolvated state, which does affect the adsorption

properties. We found some intriguing deviations from the ob-
servations made on the analogous CPO-27 compounds. 1) Ini-

tial Qst values for the CPO-54-Mn material were slightly higher,
which is attributed to a larger contribution of dispersive forces

originating mainly from the larger organic linker. 2) The Qst

curves drop earlier for CPO-54-Mn than for CPO-27-Mn on in-
creased loading to values associated with secondary and terti-

ary adsorption sites. We attribute this to the more spacious
pore of CPO-54-Mn and consequently weaker cooperative ad-

sorbate-adsorbate interactions. This effect is explicitly revealed
in the computed binding energies and is, possibly, also due to

an anticipated larger entropy effect on the secondary adsorp-

tion sites in CPO-54-Mn compared to CPO-27-Mn. 3) A lack of
plateau in the Qst curve of CO, (and to a lesser extent for CO2)

is attributed to a “chain saturation affect” due to charge redis-
tribution upon CO adsorption even at very low loadings which

reduces the adsorption strengths of metal sites in the close
proximity of other metal sites with already adsorbed CO mole-

cules.

The CPO-54 series of compounds is a valuable addition to
the field of coordination polymers with open metal sites. It is a

derivative of one of the most investigated series of MOFs for
separation and/or storage of environmentally and energy rele-

vant adsorptives and size-selective catalysis/synthesis. It has, to
the best of our knowledge, the second highest concentration
of open metal sites reported for a MOF with a stable rigid

structure. We are currently investigating the properties of
other members of the series. We expect these investigations to

shed light on the interplay between the chemically different
open metal sites and their environment in determining the

overall adsorption properties of these interesting compounds.

Experimental Section

Crystallographic data : Deposition numbers 1993235 and 1993236
contain the supplementary crystallographic data for this paper.
These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum Karls-
ruhe Access Structures service.
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