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In  this  work  we  review  experimental  XRPD,  EXAFS,  Raman,  IR, microcalorimetric  data  on  the  adsorption  of
H2O,  NO,  CO,  CO2, N2, C2H4 and  H2 molecules  on  CPO-27-Ni  material,  a metal–organic  framework  (MOF)
showing  a coordination  vacancy  at  the  Ni2+ site in  its desolvated  form.  Literature  data  are  complemented
by  few  new  experimental  results.  A  systematic  theoretical  study  performed  at the  B3LYP-D*/TZVP  level
of theory  (using  a periodic  boundary  conditions)  allowed  us  to reach  a complete  understanding  of  the
eywords:
OF
olecular adsorption
FT-D* calculation
XAFS
owder XRD
TIR

structural,  vibrational  and  energetic  features  of  the  material  in  interaction  with  the  different  molecules
obtained  from  the  different  experimental  techniques.  From  both  experimental  and  theoretical  set  of  data,
interesting  trends  have  been  obtained  for the  framework  distances  (Ni–O  and  Ni–Ni)  and  frequency  shifts
of the  framework  vibration  modes  as a function  of  the  adsorption  energy  (enthalpy)  of the different  probe
molecules.  This  multitechnical  approach,  already  applied  for UiO-66  MOF  is  of  general  validity  and  can
be straightforwardly  extended  to all MOF  materials.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The possibility of tuning framework porosity, topology as well
s framework compositions have made zeolites and zeotypes the
ost successful materials for a broad range of applications like gas

dsorption and separation and catalysis [1–20]. But zeolites role as
he leading class of crystalline porous materials is nowadays chal-
enged by a new emerging class of porous materials: Metal Organic
rameworks (MOFs) [20–30].

MOFs diverge from zeolites in important ways [31,32], the most
mportant one being their larger diversity and flexibility in com-
osition and less topological constraints in the formation of the
orous lattices. The enormous number of new MOF  frameworks
eported every year reflects this flexibility and the large interest
or their potential applications [33]. Zeolites are restricted to tetra-
edral networks, the inorganic cornerstone in MOF  topologies may
e a single metal atom or simple or complex cluster of coordinated
etal atoms or extended inorganic sub structures extending in one,

wo or three dimensions. According to the recent classification done
y Tranchemontagne et al. [34] the coordination of the inorganic

ornerstone may  span the whole range from 3 up to 66. On top of
his, cornerstones can be connected using different type of organic

∗ Corresponding author. Tel.: +39 011 6707841; fax: +39 011 6707855.
E-mail address: carlo.lamberti@unito.it (C. Lamberti).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.07.020
linker, giving rise to the synthesis of isoreticular frameworks such
as the IRMOF-1/IRMOF-16 [35] or the UiO-66/UiO-68 [36] series.

Although the industrial application of MOFs is still limited to
few cases [37,38], this new class of materials is foreseen to play
an important role in the next future, in the fields of gas sepa-
ration and purification [39–48],  liquid phase separation [49–52],
gas storage [35,53–69],  drug delivery [70,71],  optical materials
[72–76],  magnetic materials [77–79],  solid state ion conductors
[80] semiconductors [81], sensors [82,83],  catalysis [82,84–117]
and photocatalysis [118].

To foreseen and understand the potentialities of a given MOF
structure for both catalytic and gas separation and adsorption
applications, the key step is the study of the molecular adsorption
at the metal site. This contribution reports part of the examples dis-
cussed by Lamberti in the key-note presentation at the 241st ACS
Meeting Symposium on “Spectroscopic Techniques to Elucidate
Reaction Mechanism and Structure–activity Relationships” held in
Anaheim, (CA) March 27–31, 2011. Among all the examples dis-
cussed in the symposium, in the present paper, we focus on the
CPO-27-Ni case (a Ni2+-MOF exhibiting a coordination vacancy in
its desolvated form) because it has been studied in interaction with
the largest variety of molecules. This new material, synthesized in
Norway by Dietzel et al. [119] belongs to the family of isostructural

CPO-27-M (M = Mg,  Mn,  Fe, Co, Ni, Zn) [64,120–125]. This material
is also cited in the literature as MOF-74 or M2(dhtp).

In this work we review experimental XRPD, EXAFS, Raman,
IR, microcalorimetric data recently published [59,119,126–128],

dx.doi.org/10.1016/j.cattod.2011.07.020
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:carlo.lamberti@unito.it
dx.doi.org/10.1016/j.cattod.2011.07.020
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omplemented by few new experimental data. Experimental data
ill be interpreted and rationalized on the basis of unpublished

heoretical calculations performed at the B3LYP-D*/TZVP level of
heory using a periodic approach (CRYSTAL09 code [129,130]).
sing this multi technical approach, a complete understanding
f the structural, vibrational and energetic features of CPO-27-Ni
fter adsorption of H2O, NO, CO, CO2 and N2 is obtained. Partial
ibrational and/or energetic information in the adsorption of C2H4
nd H2 will also be supplied. This multi technical method, already
pplied for UiO-66 MOF  [131] and here proposed for CPO-27-Ni,
s of general validity and can be straightforwardly extended to all

OF  materials.

. Experiments and methods

.1. CPO-27-Ni synthesis

The CPO-27-Ni material was prepared from a nickel(II) acetate
nd 2,5-dihydroxyterephthalic acid reaction in a THF–water mix-
ure giving an ochre substance, Ni2(dhtp)(H2O)2·8H2O, following a
ecipe reported in the literature [119]. X-ray powder data showed
he high crystallinity of the sample for which a BET surface area of
200 m2 g−1 was evaluated (Langmuir surface area of 1315 m2 g−1).
he sample was not sensible to moisture and aging, maintaining
ts high crystallinity and porosity. To induce dehydration, CPO-27-
i samples were degassed under high vacuum at 393 K for 1 h.
ll the spectroscopic and XRPD measurements were performed in
ontrolled atmosphere by using ad hoc cells that allow thermal
reatment in high vacuo, dosages of the desired probe molecule and
n situ spectra collection to be done. Concerning NO, the gas was
arefully purified by distillation in order to remove other undesired
itrogen oxides and it was dosed, by means of a vacuum line, on
he samples at RT.

.2. Experimental methods

FTIR spectra were collected in transmission mode on self-
upporting wafer or on a thin film on a silicon wafer, in controlled
tmosphere. The spectra were recorded at 2 cm−1 resolution on

 Bruker IFS 66 FTIR spectrometer, equipped with a liquid nitro-
en cooled mercury–cadmium–telluride (MCT) detector. IR spectra
eporting the low frequency framework vibrations have been col-
ected using a DTGS detector. Raman spectra were recorded by
sing a Renishaw Raman Microscope spectrometer. An Ar+ laser
mitting at 514 nm was used, in which the output power was
imited to 1% (100% power = 8.2 mW at the sample) in order to
void sample damage. The photons scattered by the sample were
ispersed by a 1800 lines/mm grating monochromator and simul-
aneously collected on a CCD camera; the collection optic was  set at
0× objective. The spectra were obtained by collecting 10 acquisi-
ions (each of 10 s) on a self-supporting wafer put in a home-made
ell with a suprasil quartz cuvette that allowed measurements in
ontrolled atmosphere.

Volumetric and calorimetric isotherms of CO and NO adsorp-
ion at 303 K were carried out in a microcalorimeter (Tian-Calvet
ype by Setaram, France) equipped with a calibrated glass gas-
olumetric apparatus, which enabled to determine simultaneously
he adsorbed amounts and the heat evolved at increasing equilib-
ium pressure for small increments of the adsorptive [132–137].
he absolute pressures were measured by means of a transducer

auge (Barocell, Edwards, 0–100 mbar). Adsorption microcalorime-
ry can be easily used to determine the adsorption enthalpy
−�Hads) only in cases where the adsorbed molecule reaches a
ufficient coverage at room temperature. In the case of N2 and H2
oday 182 (2012) 67– 79

molecules, −�Hads has been obtained following the variable tem-
perature IR (VTIR) method, as described elsewhere [128,137–141].

X-ray absorption experiments on Ni K-edge were performed
at the BM29 [142] beamline at the European Synchrotron Radi-
ation Facility (ESRF). The monochromator was  equipped with two
Si(1 1 1) flat crystals and harmonic rejection was  achieved using Rh-
coated mirrors after monochromator. The following experimental
geometry was  adopted: (1) I0 (10% efficiency); (2) MOF  sample; (3)
I1 (50% efficiency); (4) reference Ni foil; (5) I2 (80% efficiency). This
set-up allows a direct energy/angle calibration for each spectrum
avoiding any problem related to little energy shifts due to small
thermal instability of the monochromator crystals [143]. EXAFS
spectra were acquired with a sampling step of 0.025 Å−1 up to
k = 20 Å−1, with an integration time of 3 s/point. Samples, in form
of self supported pellets of optimized thickness, have been located
inside an ad hoc conceived cell developed at ESRF (by Prestipino,
Steinman and Pasternack) that allows evacuation, gas dosage and
temperature control in the 77–923 K interval. This experimental
set-up guarantees the same degrees of freedom that described in
Ref. [144].

The extraction of the �(k) function has been performed using
Klementev’s programs [145]. For each sample, 4 consecutive EXAFS
spectra have been collected and corresponding �(k) functions have
been averaged before data analysis. EXAFS data analysis has been
performed using the Arthemis software [146]. Phase and ampli-
tudes have been calculated by FEFF6 code [147] using as input
the structure of the hydrated and dehydrated forms of CPO-27-Ni
solved by powder X-ray diffraction [119]. For CPO-27-Ni in inter-
action with CO, NO and N2, the strategy adopted for the EXAFS
refinement has been described in detail elsewhere [126–128] Phase
and amplitudes have been successfully checked with NiO model
compound [148,149].  For each sample, the averaged k3 �(k) func-
tion were Fourier Transformed in the �k  = 2.00–18.00 Å−1 interval.
The fits were performed in R-space in the �R = 1.00–5.00 Å range
(2�k�R/� > 40).

High-resolution X-ray powder diffraction data of the CPO-
27-Ni–CO2 were recorded at the Swiss-Norwegian Beamlines
(SNBL/BM01B) at the ESRF using a two-circle diffractometer
equipped with 6 counting chains and a wavelength of 0.520054 Å
[59]. The sample was hosted inside a 1 mm capillary sealed in CO2
atmosphere and measured at 100 K.

2.3. Computational methods

Theoretical investigation was  carried out using periodic density
functional theory (DFT) calculations employing the hybrid B3LYP
[150–152] functional empirically corrected to include a long-range
dispersion term, as proposed by Grimme  [153] and modified for
crystalline systems [154]. All calculations were performed with the
CRYSTAL09 code [129,130].

All-electron Gaussian-type basis sets were used for all of the
atoms. A TZVP basis set was chosen for Ni (Gaussian basis functions’
exponents lower than 0.1 au were removed) while a TZP basis set
was employed for the adsorbed molecules (vide infra Table 3 for
details).

For the numerical integration of the exchange–correlation term
a (75,974) pruned grid, was  adopted [130]. The condition for the SCF
convergence was  set to 10−8 and 10−10 Hartrees during geometry
optimization and vibration frequencies calculation, respectively.
The Pack-Monkhorst/Gilat shrinking factors for the reciprocal space
sampling were set to 2, corresponding to 4 k-points at which the
Hamiltonian matrix was diagonalized. The tolerances for one- and

two-electron integrals calculation was  set to 7 7 7 7 18 (see Ref.
[130] for details).

A full relaxation of the structures (both lattice parameters and
atomic positions) was performed by keeping the symmetry of the
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Table 1
Summary of the structural parameters optimized in the Rietveld refinements of the XRPD patterns.

Sample condition Dehydrated from Ref. [119] +H2O from Ref. [119] +CO2 from Ref. [59] a

T (K) 295 295 100
a  = b (Å) 25.786 ± 0.001 25.9783 ± 0.0007 25.784 ± 0.001
c  (Å) 6.770 ± 0.001 6.6883 ± 0.0002 6.7474 ± 0.0003
V  (Å3) 3898.3 ± 0.7 3909.0 ± 0.2 3884.7 ± 0.3
〈RO〉 (Å) 2.00 ± 0.03 2.04 ± 0.02 2.01 ± 0.03
RNi1 (Å) 2.904 ± 0.008 2.980 ± 0.003 2.920 ± 0.002
RNi2 (Å) 4.87 ± 0.01 4.878 ± 0.005 4.869 ± 0.003
R (Å) − 2.08 ± 0.02 2.29 ± 0.02
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a A full coverage has not been reached. From the Rietveld refinement of the CO2 o

ystem; that is, one molecule was placed on each Ni atom of the
nit cell (1:1 molecular loading). All the results refer to Ni in high-
pin electronic configuration within a ferromagnetic unit cell. For
eometry optimization, the default convergence criteria were used
130]. Equilibrium structures were used to compute the binding
nergies for the adsorbed molecules (H2O, CO, CO2, NO, N2):

 = EMOF/X − EMOF − nEX (1)

here n = 6 and X indicates the molecule. Basis set superposition
rror (BSSE) was taken into account by using the counterpoise cor-
ection method [155]. Vibration frequencies referred to the � point,
ere calculated on the optimized geometry by means of a mass-
eighed Hessian matrix obtained by numerical differentiation of

he analytical first derivatives. Further details can be found else-
here [156].

From the vibrational frequencies the zero-point vibrational
nergy (ZPE) and the thermal contribution (HT) to the enthalpy at

 given temperature T was calculated as:

T = Etrans(T) + Erot(T) + Evib(T) + RT (2)

or the molecule in the gas phase. Etrans(T), Erot(T) and Evib(T) are the
ranslational, rotational and vibrational contributions, respectively,
hereas RT accounts for the PV term.

For the solid (MOF with and without the adsorbate) the ther-
al  correction is due only to the vibrational contribution, i.e.

T = Evib(T).
Finally, the enthalpy of interaction was computed as:

H(T) = �E  + �ZPE + �HT (3)

The corresponding value of T was taken to be T = 100 K and
 = 298 K.

Additional computational details, concerning the adsorption of
O and CO2 on CPO-27-M (M = Mg,  Ni, Zn), have been reported
lsewhere [157].

. Results and discussion

.1. Structure modification upon molecular adsorption: XRPD
nd EXAFS data vs. theoretical calculations.

.1.1. Framework structure and XRPD studies
CPO-27 framework contains one-dimensional channels (see

ig. 1d) which are filled with water that can be removed by a
ild thermal treatment. Upon dehydration the crystalline struc-

ure is preserved and a material with a high surface area containing
nsaturated metal sites organized in helicoidal chains (Fig. 1b) is
btained [119]. The chains are connected by the organic ligand with

hree adjacent chains which results in the honeycomb motif. The
hannels in the honeycomb have a diameter of ∼11 Å and they are
lled with solvent. At the intersections of the honeycomb are heli-
al chains of cis-edge connected nickel oxygen octahedra running
− 117.3/162.0

ncy factor the authors deduced: 0.5 < CO2/Ni2+ < 0.6.

along the c axis. Nearest neighbors helices are of opposite handed-
ness. All of the O atoms of the ligand (Fig. 1c) are involved in the
coordination of Ni2+. These account for five of the oxygen atoms
coordinating each nickel atom (Fig. 1a), while the sixth coordinative
bond is to a water molecule which points towards the channel.

The structure of CPO-27-Ni in both its hydrated and dehydrated
forms was optimized from XRPD Rietveld refinement by Dietzel
et al. [119], which main results are summarized here in Table 1.
Coordination of water implies an expansion of the cell in the a–b
plane of 0.7% and a contraction of the c axis of 1.2%, being the
cell volume almost unchanged. The average first shell distance 〈RO〉
expands by 0.04 Å to allow the coordination of a water molecule at
2.08 Å, acting as sixth ligand. The first Ni–Ni distance (RNi1) signif-
icantly increases by 0.074 Å, being the second first Ni–Ni distance
(RNi2) almost unchanged. Adsorption of CO2 at 100 K was investi-
gated in a successive work [59]. No significant modification of the
cell in the a–b plane has been observed, while a very small con-
traction of the c axis (0.3%) has been measured (Table 1). The CO2
molecule adsorbs in a bent geometry (�Ni–O–C = 117.3◦) at a Ni–O
distance of 2.29 Å.

3.1.2. EXAFS studies
The enormous complexity and variety of MOF  frameworks [158]

represents an evident challenge in the characterization of MOF
materials. Only few structures were resolved from single crystal
data, due to the difficulty to grow large MOF  crystals. In cases
were only powder XRD (XRPD) data are available additional struc-
tural information, particularly regarding local coordination within
the inorganic cluster, are often mandatory in order to solve the
structure. In several important cases EXAFS, taking benefit from its
atomic selectivity, was able to provide complementary structural
information on the inorganic cluster and the way it binds to the
ligand [30,36,126–128,131,159–171].

These hydrated and dehydrated structures refined by XRPD have
been successively confirmed in the EXAFS study of Bonino et al.
[126], see Table 2 and Fig. 2a and b. The XRPD refined structure
was used as input for the EXAFS model, resulting in an excellent
agreement between the set of distances optimized with the two
different techniques. Due to the complexity of the EXAFS signal,
reporting important contribution from several SS and MS  paths
Bonino et al. [126] cross-checked the validity of their EXAFS model
analyzing the data collected on dehydrated CPO-27-Ni at 300 and
77 K (see Table 2). The model was  validated as all optimized dis-
tances were comparable in the two  datasets, while the thermal
parameters increased moving from 77 to 300 K. The effect of water
coordination on CPO-27-Ni significantly affects the EXAFS signal. In
particular, 〈RO〉 expands from 1.99 ± 0.01 Å to 2.03 ± 0.01 Å, while
an even more impressive expansion was observed for RNi1, that

moves from 2.892 ± 0.005 Å up to 2.980 ± 0.005 Å, see Table 2. The
〈RO〉 elongation of +0.04 ± 0.02 Å found by EXAFS agrees with XRPD
results (+0.04 ± 0.04 Å), the same holds for the elongation of the RNi1
distance (+0.088 ± 0.007 Å) that perfectly matches with the value
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Fig. 1. Pictorial representation, at different magnification grades, of a dehydrated CPO-27-Ni sample. (a) The coordination sphere of Ni2+ showing the coordination vacancy.
(b)  Inorganic nodes involving Ni2+ and running along c axis. This chain segment contains 5 Ni atoms: supposing that the central one is the X-ray absorber atom (Niabs) in an
EXAFS  experiment then, this cluster contains up to the first and second Ni–Ni neighbors, located at RNi1 and RNi2, both two-fold degenerated. (c) Organic linker. (d) 3D view
of  the honeycomb structure. The C atoms are reported in grey, H atoms in white, O in red, and Ni in blue. (For interpretation of the references to color in this figure legend,
the  reader is referred to the web  version of the article.)

Table 2
Summary of the parameters optimized by fitting the EXAFS data collected at 77 K. The fits were performed in R-space in the 1.0–5.0 Å range over k3-weighted FT of the �(k)
functions performed in the 2.0–18.0 Å−1 interval. A single �E0 and a single S0

2 have been optimized for all SS and MS  paths. See Refs. [126–128] for additional fit results (S0
2,

�E,  thermal factors, R-factors, etc).

Sample condition Dehydrated from
Ref. [126]

Dehydrated from
Ref. [126]

+H2O from Ref.
[126]

+NO from Ref.
[126]

+CO from Ref. [127] +N2 from Ref. [128]

T (K) 300 77 300 300 77 77
〈RO〉 (Å) 1.99 ± 0.01 2.00 ± 0.01 2.03 ± 0.01 2.00 ± 0.01 2.024 ± 0.005 2.012 ± 0.005
RNi1 (Å) 2.892 ± 0.005 2.889 ± 0.005 2.980 ± 0.005 2.94 ± 0.01 2.973 ± 0.005 2.937 ± 0.005
RNi2 (Å) 4.82 ± 0.02 4.87 ± 0.01 4.78 ± 0.03 4.80 ± 0.02 4.89 ± 0.02 4.86 ± 0.02
Rads (Å) − − 2.10 ± 0.04 1.87 ± 0.02 2.11 ± 0.02 2.27 ± 0.03

◦ a

as not
r
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r
t

2

T
S
f

D
f

e

�Ni–A–B ( ) − − − 

a The angle �Ni–A–B formed between the Ni2+ site and the adsorbed molecule h
efinement.

btained from XRPD: �RNi1 = +0.076 ± 0.009 Å. In both dehydrated
nd hydrated forms, the agreement between EXAFS and XRPD is
xcellent (within 0.02 Å) for 〈RO〉, �RNi1 and �Rads. The only sig-
ificant disagreement between EXAFS and XRPD concerns the RNi2
istance of the hydrated system: 0.1 Å. This is probably due to the

elative small intensity of the Ni2 atoms signals in the EXAFS spec-
rum.

The interaction of NO, CO and N2 ligands with desolvated CPO-
7-Ni has been deeply investigated by means of Ni K-edge XANES

able 3
ummary of the main geometrical and energetic features obtained by periodic calculations
or  −�Hexp t

ads
are reported (n.c. = not computed).

Dehydrated [this
work]

+H2O [this work] 

a = b (Å) 26.037 26.114 

c  (Å) 6.851 6.914 

V  (Å3) 4022.3 4083.1 

〈RO〉 (Å) 2.034 2.069 

RNi1 (Å) 2.936 3.015 

RNi2 (Å) 4.926 5.002 

Rads (Å) − 2.153 

�dAB/�dBC (Å)a −/− +0.005/+0.006 

�Ni–A–B (◦) − 100.0/110.1 

−�Ec (BSSE) (kJ mol−1) − 74.7 (11.2) 

�ZPE  (kJ mol−1) − n.c. 

−�HT (100 K)/−�HT (298 K) (kJ mol−1) − n.c. 

−�H0 (100 K)/−�H0 (298 K) (kJ mol−1) − n.c. 

−�Hexp t
ads

(kJ mol−1)b − >100 

a Intra-molecular distances of the adsorbed Ni2+· · ·AB(C) molecule: AB(C) = OH2; NO; C
*/TZVP level of theory are: dAB = dBC = 0.963 (OH2); dAB = 1.148 (NO); dAB = 1.127 (CO); dAB

or the adsorbed CO2 molecule has been optimized at 178.2◦ .
b −�Hexpt

ads
values are obtained by microcalorimetry for NO and CO (Refs. [126,127],  res

xperimental adsorption enthalpy for water has been proved to be higher than that of NO
130 180 180

 been optimized but has been assumed in the model used to perform the EXAFS

and EXAFS spectroscopies supported by parallel IR and UV–Vis
techniques [126–128] and main results from these studies are
summarized here below. EXAFS data (and corresponding best fits)
obtained on dehydrated CPO-27-Ni after interaction with NO,  CO
and N2 are reported in R-space in Fig. 2c–e and Table 2. The higher

intensity of the EXAFS signal in the case of the CPO-27-Ni/CO and
CPO-27-Ni/N2 is evident and is due to the fact that correspond-
ing spectra were collected at 77 K [127,128],  while the spectrum
of CPO-27-Ni contacted by NO was  collected at 300 K [126]. This

 at the B3LYP-D*/TZVP level of theory. For comparison also the experimental values

+NO [this work] +CO [157] +N2 [this work] +CO2 [157]

26.098 26.093 26.103 26.156
6.858 6.928 6.907 6.863
4045.0 4084.9 4075.5 4066.2
2.057 2.066 2.053 2.049
2.997 3.029 2.990 2.968
4.966 5.017 4.984 4.950
2.101 2.148 2.281 2.337
−0.008/− −0.005/− −0.002/− +0.006/−0.007
123.2 171.8 170.9 124.0
49.1 (14.0) 46.2 (7.7) 27.3 (8.5) 38.9 (6.1)
n.c. 4.5 n.c. 2.0
n.c. 1.4/0.2 n.c. 0.6/+1.4
n.c. 43.1/41.9 n.c. 37.6/35.5
92 58 17 38

O; NN; O–C–O. For the unperturbed molecules the distances computed at B3LYP-
= 1.093 (N2); dAB = dBC = 1.161 (CO2). All values in Å. The intra molecular angle �O–C–O

pectively), by VTIR for N2 (Ref. [128]) and by isosteric heat for CO2 (Ref. [124]). The
, being able to displace it at room temperature [126].
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Fig. 2. Modulus and imaginary part of the k3-weighted, phase uncorrected, FT of the EXAFS spectra collected on dehydrated CPO-27-Ni (a) and after interaction with H2O and
NO  at 300 K and CO and N2 at 77 K, (b)–(e), respectively. 300 and 77 K experimental data are reported as scattered circles and triangles, respectively, while the corresponding
best  fits are reported as continuous lines. Where adsorbates are present, vertically translated also the contribution (in both modulus and imaginary parts) of the adsorbed
molecule optimized in the fits is reported. The models used in the fits adopted a Ni2+/adsorbate = 1:1 stoichiometry and assumed a linear adsorption geometry for CO and N2

and a Ni–N–O angle of 130◦ for the NO (only the O atom of the H2O molecule has been included in the fit). Insets report the local environment of Ni2+ in its dehydrated form,
part  (a), and upon molecular adsorption parts (b)–(e).
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npublished figure: the EXAFS spectra have been adapted from Refs. [126–128].

mplied that authors were forced to fix much more parameter
n the analysis of the case of NO adsorption. Independent IR and
olumetric-calorimetric experiments allowed to fix the coordi-
ation number of the adsorbed molecules (NO, CO and N2) to 1
126–128].

In the bottom of Fig. 2(b)–(e) we report the contribution of
he adsorbed molecule to the overall fit. For the water molecule
Fig. 2(b)), only a single Ni–O contribution is visible, being negli-
ible the scattering from the H atoms. For the diatomic molecules
oth first and second atom contributions are visible. For CO and N2
Fig. 2d and e), both signals are of comparable intensity because
he contribution of the MS  paths, contributing at the same dis-
ance as the second atom, and are enhanced by paths co-linearity
172–177]. Due to the bent nature of the adduct, this enhancement
s quenched for the NO case, leading to a higher distance contribu-
ion which is much weaker than that coming from shorter distance
see Fig. 2c). The difficulties of the EXAFS analysis of these spec-
ra is related to the combined facts that (i) the contribution of the
dsorbed molecules lies in the same R region where the strong
i–O and Ni–Ni contribution of the framework appears (ii) the con-

ribution of the framework is significantly modified by molecular
dsorption. On the basis of our EXAFS study the following scale in
he ability to perturb the framework can be defined: N2 at 77 K ≤ NO
t 300 K < CO at 77 K ≤ H2O at 300 K.

The Ni–N distance of the Ni2+· · ·NO adduct was  optimized at
.85 ± 0.02 Å. NO adsorption causes an almost negligible modifica-
ion of the average Ni–O first shell distance that does not undergo
he stretching observed when water was coordinated (see Table 2),
hile the RNi1 distance increases by +0.051 ± 0.011 Å. In their origi-
al paper Bonino et al. [126] refined the EXAFS spectrum using both

 linear and a bent Ni2+· · ·NO adduct as model, obtaining similar
esults. Here, supported by the DFT calculation (vide infra Table 3)
e report the results obtained with the bent model only.
Concerning the interaction with CO, the fit of the EXAFS spec-
rum (see Fig. 2d and Table 2) results into a Ni–CO distance of
.11 ± 0.02 Å. As expected, all distances undergo an elongation with
espect to the dehydrated case: 〈RO〉 moves from 2.00 ± 0.01 Å to
2.024 ± 0.005 Å, RNi1 from 2.889 ± 0.005 Å to 2.973 ± 0.005 Å, and
RNi2 from 4.87 ± 0.01 Å to 4.89 ± 0.02 Å. The small elongation of the
first shell distance (+0.024 ± 0.011 Å) is typical of an adsorption pro-
cess that saturates one or more coordinative vacancies. Conversely,
the much more relevant increase of the second shell distance
(+0.084 ± 0.007 Å) is peculiar of this MOF  structure, and has already
been observed with other adsorbates, like H2O (+0.088 ± 0.007 Å
from RT EXAFS data [126], and +0.076 Å from XRPD [119]) or
NO (+0.051 ± 0.011 Å from RT EXAFS data) [126]. As already done
for the dehydrated material [126], the validity of the model was
checked on the EXAFS spectrum collected at RT in presence of CO.

The EXAFS spectrum of the CPO-27-Ni/N2 system has been
analyzed using the same approach applied for the CPO-27-Ni/CO
system, thus assuming a linear Ni–N–N adsorption geometry
(RN–N = 1.10 Å) [128]. The quality of the fit can be appreciated in
Fig. 2e. N2 adsorption causes a small elongation of the first shell
Ni–O bond length (〈RO〉), averaged over five contributions, from
2.00 ± 0.01 Å to 2.012 ± 0.005 Å and a larger elongation of the first
Ni–Ni distance (RNi1) from 2.889 ± 0.005 Å to 2.937 ± 0.005 Å. Such
modifications are similar, even if less important, to those observed
upon NO or CO adsorption, see Table 2.

3.1.3. Theoretical study
The main geometrical and energetic results obtained by peri-

odic calculations at the B3LYP-D*/TZVP level of theory with the
CRYSTAL09 code [129,130] are summarized in Table 3, while the
optimized structures are reported in Fig. 3, viewed along the [001]
direction. All the results refers to CPO-27-Ni and to a molecular
loading 1:1 (one molecule per metal atom) with nickel atoms in
high-spin electronic configuration within a ferromagnetic unit cell.

The structure of CPO-27-Ni in absence of adsorbates is perfectly
reproduced by calculations, being the error in the determination of
the a and b lattice cell parameters within 1% (3% for the cell volume).

The agreement for 〈RO〉 and RNi1 distances is as good as 0.03 Å when
comparison is made with the XRPD data and within 0.01 Å with
EXAFS. A value that increases up to 0.05 Å for the RNi2 distance. In
all cases the computed vales overestimate the experimental ones.
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Fig. 3. Optimized periodic structures at B3LYP-D*/TZVP level of theory. (a) CPO-27-Ni + H2O; (b) CPO-27-Ni + NO; (c) CPO-27-Ni + CO; (d) CPO-27-Ni + N2; (e) CPO-27-Ni + CO2;
(f)  dehydrated CPO-27-Ni. In (a)–(e) cases a 1:1 Ni2+: molecules coverage has been adopted. (a)–(e) Viewed from the [0 0 1] direction, while a slightly tilted view has been
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hosen  for part (f) to allow to appreciate the 3D structure. Unpublished.

As expected, adsorption of all investigated molecules causes an
xpansion of the unit cell volume that is due to an increase of both

 and c lattice parameters. �V  is larger for CO and H2O (1.5%)
ecause of a lengthening of Ni–O bonds along the c lattice con-
tant. This is also evident in the elongation of the Ni–Ni distances,
hat in the case of CO are: �RNi1 = +0.093 Å and �RNi2 = +0.091 Å.
hese values have to be compared with those obtained from
XAFS: �RNi1 = +0.084 ± 0.007 Å; �RNi2 = +0.02 ± 0.03 Å. The opti-
ized adsorption angle, �N–C–O = 171.8◦, well support the linear
odel used to refine the EXAFS spectrum. An excellent agreement

s also found for the Rads distance, computed at 2.148 Å, while EXAFS
ocate the CO molecule at Rads = 2.11 ± 0.02 Å. Surprisingly, the opti-

ized Ni2+· · ·CO distance (2.148 Å) is very close to the computed
istance for CO adsorbed on the homologue CPO-27-Mg material
Rads = 2.486 Å, see Ref. [125]): note that for the Mg2+· · ·CO adduct
o � nor � charge transfer effects are expected. As the IR spectra
eported by Chavan et al. [127] indicate that Ni2+· · ·CO interaction
how a small �-back-donation contribution, a shorter adsorption
ould be expected for the nickel case. A possible explanation is

hat the small �-back-donation contribution in CPO-27-Ni is partly
ompensated by the deformation of structure, so that CO distance
urns out to be similar to that of the Mg2+· · ·CO adduct. Note that the
O distance depends on a delicate balance between electrostatics
nd charge-transfer effects.

For NO, a similar behavior is observed as for CO because of a
arked influence of charge transfer effects. Therefore, longer 〈RO〉,

and R distances are predicted. Conversely, the unit cell vol-
Ni1 Ni2
me  is the smallest among the computed ones because of the small
ize of the NO molecule and of the structure of the Ni2+· · ·NO com-
lex that forms an angle of �Ni–N–O = 123.2◦. A similar arrangement
was also observed for NO in interaction with Ni2+ sites in anal-
ogous systems. Freund et al. [178] found for the NO/NiO(0 0 1)
system a value �Ni–N–O = 135◦ according to the evolution in the
Ni K-edge NEXAFS spectra as a function of the angle between the
polarization axis of the exciting photons and the NiO surface of
the ratio between the peaks due to the 1s → � and 1s → 2� res-
onances. This experimental evolution was  fitted with theoretical
curves obtained changing the �Ni–N–O angle in the 90–180 range.
Again on the NO/NiO(0 0 1) system Bradshaw et al. [179] found
�Ni–N–O = 120◦ and Rads = 1.88 ± 0.02 Å by photoelectron diffraction.
Pacchioni et al. [180,181] explained the EPR spectra obtained on NO
adsorbed on Ni-doped MgO(0 0 1) surfaces using spin restricted RO-
B3LYP calculation on cluster model. The optimized geometry was
�Ni–N–O = 119.5◦ and Rads = 1.789 Å. The optimized for the Ni2+· · ·NO
adduct in CPO-27-Ni (Table 3) is clearly overestimated with respect
to both the experimental value obtained by EXAFS (Table 2) and the
experimental and theoretical results obtained on similar systems
discussed above.

For CPO-27-Ni with CO2, the expansion of the unit cell is less pro-
nounced: �V/V = 1.1%. The computed a lattice constant is the largest
among studied systems (�a/a = 0.5%, see Table 3), but the c-axis
expands only by 0.012 Å. Experimental lattice parameters (Table 1)
behave differently upon CO2 adsorption being a almost unaffected,
while c is slightly contracted. Computational results are explained
on the basis of the angular geometry of the Ni2+· · ·OCO complex
as a result of a lateral interaction between the CO2 molecule and
the O atom of the nearby carboxylate group due to the electro-

static interaction with the quadrupole moment of CO2 (Fig. 3e). It
is worthy to note that this secondary interaction with the organic
linker agrees with experimental XRPD measurements [182].
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owever, in the experimental structure the molecule is also bent
ith a O–C–O angle of �O–C–O = 162.0◦. This does not appear in the

redicted B3LYP-D* structure, where �O–C–O = 178.2◦. The observed
ent angle (�O–C–O) seems affected by a large error and there is
o evidence from IR spectroscopy of a large shift for the bending
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pectrum collected on the dehydrated material, is reported in black for comparison.
he spectra collected before and after CO dosage (top spectra) have been collected
ith a five time longer integration time: this explains the significantly higher signal

o  noise ratio, allowing to detect a weak band at 1072 cm−1, that downward shift
t  1065 cm−1 upon CO adsorption. In order to allow a direct comparison among the
ifferent spectra, the intensity of all bands has been normalized to the intensity of
he component around 1500 cm−1, that is the band showing the smaller shift upon

olecular adsorption.

npublished figure: data adapted from Refs. [126,128].

adsorption is reported in black for comparison. Minor differences of the different
background curves reflect differences in both the pellet thickness and the dehy-

dration treatment. For each case, the temperature at which the spectra have been
collected is also reported. Unpublished.

mode of CO2 (vide infra Fig. 7). Overall, the good agreement
between computed B3LYP-D* data and both vibration frequency
shifts and calorimetric binding energies (see below) would sug-
gest that CO2 is not bent. Finally, the Ni2+-adsorbate distance is
optimized at Rads = 2.29 ± 0.02 Å and 2.337 Å in XRPD and B3LYP-
D* methods, respectively. The fact that experimental XRPD pattern
has been collected on a sample exhibiting a coverage CO2/Ni2+ cov-
erage of only 0.5, while a full coverage has been used in the periodic
calculations, can only partially explain these disagreements.

Interaction of Ni2+ with N2 is less specific and more ruled by elec-
trostatics. Therefore, nitrogen molecule is only slightly perturbed
as observed in the small frequency shifts (vide infra Section 3.2). In
turns the perturbation induced on the CPO-27-Ni framework by N2
adsorption are weak too, but they have been appreciated by both
B3LYP-D* calculations and EXAFS measurements. Remarkable is the
agreement obtained in determination of the adsorption distance:
Rads = 2.281 Å from calculations and Rads = 2.27 ± 0.03 Å from EXAFS.

3.2. Vibrational features before and after molecular adsorption:
IR, Raman data vs. theoretical calculations.

A complete understanding of the vibrational features of CPO-
27-Ni material has been obtained from the periodic B3LYP-D*
calculation performed with CRYSTAL code. Fig. 4 reports a direct
comparison between computed and experimental vibrational spec-
tra: both Raman (part a) and IR (part b). Actually the simulated

Raman spectrum represents the vibrational DOS, as no intensity cal-
culations have been performed. In both cases the main vibrational
features are well reproduced by the calculation. The perturba-
tion of the main vibrational features upon molecular adsorption is
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eported in Figs. 5 and 6 for the Raman and IR spectra respectively.
n all cases the spectrum collected on the dehydrated material, is
eported in black for a direct comparison.

The hydrated form of CPO-27-Ni, black spectrum in Fig. 5, the
ands at 1625, 1561 and 586 cm−1 are due to benzene ring vibra-
ions, being the two at higher frequency due to stretching modes
nd the lower one to a ring deformation [126]. Features at 1495
nd 1428 cm−1 are assigned to �(COO−)asym and �(COO−)sym. The
ntense band at 1277 cm−1 is attributed to �(CO) vibration due to
he deprotonated species derived from the hydroxyl group. The

inor feature at 835 cm−1 is ascribed to ring C–H bending modes
75,126,166]. At lower frequency, the band at 430 cm−1 is attributed
o the �(Ni–OLigand) mode [126,183].  Upon water coordination,
ome relevant changes occur in the framework vibrational region in
oth the frequency and the relative intensities of the Raman bands.
s far as the frequency shifts are concerned, most of the compo-
ents are sensibly red-shifted (the bands at 1625, 1561, 1427, 1278,
33, 586 and 430 cm−1 move respectively to 1618, 1558, 1415,
273, 827, 570 and 410 cm−1). Please note that in the original paper
hese bands were wrongly reported. Exception is made for the band
round 1500 cm−1, that remains almost un-shifted, or slightly red-
hifted. A global increase in intensity of all the spectrum features
an be justified by considering that upon water coordination the
ramework undergoes an increase of local symmetry.

Adsorption of NO modifies the spectrum red-shifting the bands
as was the case for water) but also significantly altering the rela-
ive intensities. Most of the bands decrease in intensity while some
lmost disappears. In particular, upon NO interaction, (i) the most
ffected bands are those at 1560 and 1426 cm−1, that lose about

 order of magnitude in intensity and are slightly red-shifted (at
555 and 1417 cm−1 respectively); (ii) the components at 1275 and
85 cm−1 lose almost 50% of their intensity, the former does not
hift, whereas the latter shifts at 578 cm−1; (iii) the very week bands
t 833 and 430 cm−1 fail below the signal to noise ratio. Finally the
and at 1625 cm−1 makes exception, doubling its intensity, while
ndergoes a red-shift to 1615 cm−1.

CO adsorption strongly perturbs some framework modes of the
PO-27-Ni, while other are left unchanged. In particular the bands
t 1625 and 586 cm−1, assigned to benzene ring vibrations, shift to
616 and 575 cm−1 respectively; the bands at 1427 and 833 cm−1,
ue to �(COO−)sym and �(CH), move to 1410 and 824 cm−1 and the
(Ni–O) band at 430 cm−1 is shifted at 419 cm−1.

Fig. 6 reports two selected wavenumber intervals containing
ramework modes particularly affected by molecular adsorption.
he amount of the perturbation, measured in terms of band shift
s determined by three main factors: (i) the equilibrium pressure;
ii) the adsorption temperature (iii) the adsorption enthalpy. The
ffect of the equilibrium pressure can be appreciated for all the
ases where an intermediate spectrum has been reported, using a
aler color code. The effect of temperature is particularly evident

n the top part of the figure where the spectra of the dehydrated
aterial collected at 300 and 77 K are reported as full and dotted

lack lines, respectively. Taking this effect into account, it is evi-
ent that the important shift observed upon H2 adsorption at 20 K

s by about 40% due to a thermal effect, being the actual effect of
olecular absorption only about 60% of the overall shift. Finally,

he effect of adsorption enthalpy can be appreciated in all the set
f spectra collected at the same temperature.

So far we discussed how molecular adsorption perturbs
he CPO-27-Ni framework modes. As for the perturbation
nduced by Ni2+ and its environment perturb the molecular

odes, the following shifts, with respect to the unperturbed

olecule, have been experimentally observed for the unique

tretching mode of the diatomic molecules: ��(NO) = −31 cm−1

126]; ��(CO) = +35 cm−1 [127]; ��(NN) = +11 cm−1 [128];
�(HH) = −126 cm−1 [60]. For C2H4 the following shifts were
oday 182 (2012) 67– 79

observed: ��1 = −19 cm−1; ��11 = −11 cm−1; ��7 = +34 cm−1;
[128].

On a computational ground, among discussed molecules the
vibrational modes have been calculated for the CO and CO2 cases
only. When the CO molecule is introduced in the CPO-27-Ni frame-
work, different modes of mainly �(CO) nature appear, depending
on how the relative motion of the different CO molecules. Using
a full harmonic approach, these modes results in ��(CO) in the
36–38 cm−1 range. If anharmonicity is taken into account, these
values slightly shift to 35–41 cm−1. These results are in perfect
agreement with the experimental IR spectra that shows a rather
broad band centred at ��(CO) = +35 cm−1 [127], see Fig. 7a.

The case of CO2 is more complex, as the correct reference to
compute the frequency shift is not the vibrational mode of the
molecule in the gas phase �3 = 2349 cm−1 but the value obtained
for the adsorption in silicalite corrected by the interaction with
silanols (�3 = 2338 cm−1) [184]. Please note that also in the case of
N2 adsorbed on zeolites, the frequency shift was computed from the
Raman mode of N2 in silicalite [185]. The IR spectra of CO2 adsorbed
at RT on CPO-27-Ni are reported in Fig. 7b in the �3 stretching
region. Two narrow and distinct bands are observed at 2342 and
2329 cm−1, resulting in ��3 = +4 and −9 cm−1, respectively. Com-
puted full harmonic frequency shifts are ��3 = +8 and −3 cm−1,
again in excellent agreement with the experiment. The calculations
allow to associate the mode at 2329 cm−1 to a double degenerate
Eu mode showing either all the six CO2 molecules hosted in the
cavity (see Fig. 3e) participating in phase to the motion or only four
of them vibrating, the remaining two  (opposite with respect to the
C6 axis of the channel) acting as spectators. The mode at 2342 cm−1

is due to an Au mode involving all the six molecules oscillating out
of phase. Note that the splitting of the �3 modes has been clearly
observed in the bending region also (Fig. 7c), where two distinct
bands are observed at 660 and 652 cm−1, in the high energy side of
the IR strong framework mode at 635 cm−1.

3.3. Energetic of molecular adsorption: microcalorimetry and
VTIR data vs. theoretical calculations. Rationalization of structural
and vibrational perturbations

3.3.1. Summary of experimental results
For both NO (92 kJ mol−1) and CO (58 kJ mol−1) the adsorp-

tion enthalpies have been measured at 303 K by microcalorimetry
in Refs. [126,127],  respectively. Corresponding primary volumet-
ric and calorimetric isotherms are reported here in parts (a) and
(b) of Fig. 8 for a direct comparison. NO rapidly reaches a 1:1
adsorption, even at the lowest equilibrium pressures (Pe), while
CO reaches high coverages at higher Pe (Fig. 8a). Secondary adsorp-
tion isotherms (not reported for clarity) indicates that CO is fully
reversible at 303 K, while NO exhibits about 80% of irreversible
adsorption. The differential molar adsorption heat qdiff reported
Fig. 8b show a rather week dependence on the coverage and the
corresponding zero coverage limits results in the −�Hads values of
92 and 58 kJ mol−1 reported in Table 3 for NO and CO, respectively.

In the case of N2 and H2 molecules that do not adsorb at room
temperature on Ni2+ sites of CPO-27-Ni material, −�Hads has been
obtained following the variable temperature IR (VTIR) method
[128,137–141].  The procedure consists in the measurement of the
intensity of the IR band of the adsorbed molecule as a function of
the temperature T. Its intensity increases gradually upon decreas-
ing T till it reaches a maximum (Imax), corresponding to saturation
conditions. The ratio between the intensity measured at a given
T (I(T)) and that at saturation conditions (Imax) allows to quan-

titatively know the fraction of Ni2+ sites in interaction with the
adsorbed molecule molecules defined as �(T) = I(T)/Imax and, con-
sequently, the fraction 1 − �(T) of unengaged Ni2+ sites. In this
way, the equilibrium constant (Kads) of the Ni2+· · ·N2 (Ni2+· · ·H2)
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npublished figure, adapting data from Refs. [59,127].

omplex formation at any given temperature can be described,
nder the Langmuir approximation, as Kads(T) = �(T)/{[1 – �(T)]Pe}.
pplying the van’t Hoff equation, the slope of the ln(Kads) vs. 1/T
ives the enthalpy of Ni2+· · ·N2 (Ni2+· · ·H2) complex formation.
he values of Kads(T) obtained from the IR spectra reported have
een plotted vs. 1/T  in Fig. 8c for both molecules. The slope of the
est linear fit of the reported data gives the value of −�Hads = 17
nd 13.5 kJ mol−1, for the Ni2+· · ·N2 and Ni2+· · ·H2 complex for-
ation, respectively. These values are significantly lower than

hose found for the formation on the same sites for Ni2+· · ·NO and
2+ −1
i · · ·CO complexes, 92 and 59 kJ mol , respectively, but they are

till important for a complex formed with inert molecules.
The isosteric heat of adsorption for CO2 has been determined

y Dietzel et al. [124] to be 38 kJ mol−1, a value that is in perfect
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npublished Figure: data adapted from Refs. [60,126–128].
e amplitude (�� = 55 cm ), so that the FWHM of the bands due to Ni · · ·CO and

agreement with the independent one reported by Caskey et al.
[123]: 41 kJ mol−1.

3.3.2. Description of the theoretical results
As all calculations have been performed at a � = 1 coverage we

have six adsorbed molecules per CPO-27 ring (see Fig. 3), that
are spaced by about 6 Å along the c axis to the adjacent set of
six adsorbed molecules. In such conditions the lateral interactions
among adsorbates are less than 1 kJ mol−1. In particular, they are
0.8, 0.04, 0.6 and 0.8 kJ mol−1, for CPO-27-Ni in interaction with CO

and CO2, NO and N2, respectively. Computed adsorption energies
include the lateral interaction energy.

The large role played by dispersion interactions, in all cases,
has been proved by performing the same calculations without
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at qdiff on the molecular coverage na, obtained for NO (green squares) and CO (red
eriments) vs. 1/T  for the formation of Ni2+· · ·N2 (blue squares) and Ni2+· · ·H2 (cyan
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Fig. 9. Correlation of the different structural parameters upon molecular adsorption on Ni2+ site with the corresponding adsorption energy. Left: experimental values (XRPD
circles, EXAFS triangles) and corresponding incertitudes. Full and open symbols refer data collected at 300 and 77 K, respectively. Right: theoretical values. Please note that
l  system
r

i
b
t
r
f
l
h
t
2

f
b
C
e
i
u
a
e

eft  and right parts do not have exactly the same ordinate intervals. This reflects the
eproduced. Unpublished.

ncluding the dispersion corrections (not reported for brevity),
eing responsible of half (or more) of the binding computed with
he B3LYP-D* method. As an example, for CO the dispersion cor-
ection is �E* = 21.3 kJ mol−1 out of 46.2 kJ mol−1 (i.e. 46%), while
or CO2 it is �E* = 26.9 kJ mol−1 out of 38.9 kJ mol−1 (i.e. 69%). The
arger dispersion contribution observed for CO2 is ascribable to its
igher polarizability. The relevance of dispersion interactions in
hese systems has already been reported for the homologue CPO-
7-Mg material by Valenzano et al. [125].

The sum of ZPE and thermal correction to enthalpy is a small
raction of the total adsorption enthalpy for both CO and CO2,
eing around 2–3 kJ mol−1 at 100 K and 4 kJ mol−1 at 298 K. For
PO-27-Mg, roughly the same values were obtained [125]. As
xpected, for CO the predicted adsorption enthalpy for CPO-27-Ni

s larger than for the one reported for CPO-27-Mg, although it is
nderestimated with respect to the experimental data of −55 ± 5
nd −48 kJ mol−1. If we assume this is a general result, we can
stimate that the adsorption enthalpy for NO and N2 would be
atic overestimation of the theoretical distances. Beside this fact all trends are well

−47.1 and −25.3 kJ mol−1 at 100 K and −45.1 and −23.3 kJ mol−1

at 298 K.
Summarizing, with respect to experimental evidence (Table 3),

heats of adsorption of molecules adsorbed on CPO-27-Ni, computed
at B3LYP-D* level of theory, are overestimated for N2, in perfect
agreement for CO2, slightly underestimated for CO and, markedly
underestimated for NO. This can be explained by considering that
the DFT contribution to the binding given by B3LYP is known to
be underestimated because of a poor description of charge transfer
effects that take place in particular for NO and CO [180,181].

3.3.3. Correlation among structural and energetic data
Structural and energetic data, for the whole set of investigated

molecules interacting with CPO-27-Ni have been summarized in

Fig. 9. Parts (a)–(d) for the experimental values (structural from:
XRPD and XAFS; and energetic from: microcalorimetry, VTIR and
isosteric heat of adsorption) and parts (e)–(h) for the theoreti-
cal ones. From the reported set of data, it clearly emerges that
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omputed framework distances and computed adsorption dis-
ances are systematically overestimated by the theory.

Notwithstanding this fact, the trends observed in the exper-
mental data are clearly mirrored by the theoretical data. In
articular, it emerges from both experimental and theoretical data
hat, the larger is the adsorption energy, the larger is the pertur-
ation induced by the adsorbed molecule to the MOF  framework

n terms of elongation of 〈RO〉, RNi1 and RNi2 distances, see parts
a)–(c) and (e)–(g) of Fig. 9, respectively. As far as the adsorption
istance is concerned, it follows an opposite trend: the larger is the
�Hads (−�Ec

ads), the shorter is Rads, see Fig. 9(d) and Fig. 9(h),
espectively.

More in detail, the following considerations can be underlined.
or what concerns the EXAFS results obtained for the degassed CPO-
7-Ni, it is worth noticing as 〈RO〉, and RNi2 increase by decreasing
he temperature from RT (filled triangles) to 77 K (empty trian-
les) while RNi1 does not change. An increase in the cell volume by
ecreasing the temperature indicates a negative thermal expansion
oefficient, accordingly to what observed in other MOFs (as MOF-
) [186]. For what concerns the calculations they predict upon the
dsorption an increase of all the framework distances considered
nd an almost linear relationship between the adsorption energy
nd the distance elongation. These findings have been confirmed by
he experiments: as a general statement both XRD and EXAFS indi-
ate an increase of all the framework distances upon the adsorption.
owever, in the experiments a larger spread of the data is observed
ue to the different coverages adopted in the different experi-
ents. In fact, whereas in the calculations the coverage was  fixed to
i:molecule = 1:1, in the XRD for CO2 and H2O a Ni:CO2 = 1:0.5–0.6
nd Ni:H2O = 1:5 where adopted. It is likely ascribable to the differ-
nt coverage the different behavior observed for H2O adsorption
f RNi2 obtained with EXAFS and XRD that indicate respectively a
hortening and a lengthening of this distance. In fact, whereas the
RD data have been recorded for the highest coverage, the EXAFS
easurements have been recorded at a lower Ni:H2O ratio and

hen the Niads–Ni2 shortening is a reflection of the high interac-
ion energy. In fact a shortening of RNi2 has been also observed for
O, the second in interaction energy between them considered in

his study.
Coming to the distance between the Ni atom and the adsorbed

olecules (Rads), in this case an opposite trend is observed in both
xperiments and calculations as expected: in fact this distance
hortens by increasing the energetic of the interaction, the shortest
istances being observed for the larger interacting molecules that

s for H2O and NO.

. Conclusions

CPO-27-Ni MOF  has been chosen as key study material to show
ow XRPD, EXAFS, Raman, IR, microcalorimetric data, supported
y periodic DFT calculation can provide a complete picture on the
tructural, vibrational and energetic features of the interaction of an
dsorbed molecule with the coordinatively unsaturated metal cen-
res of desolvated MOFs frameworks. This thesis has been claimed
or a large set of adsorbed molecules, namely: H2O, NO, CO, CO2,
2, C2H4 and H2. This multi technical approach is of general validity
nd can be straightforwardly extended to all MOF  materials.

Our multitechnical approach is relevant in understanding and
oreseeing applications to a potential practical use of MOF  mate-
ials. Indeed, the understanding of the molecular adsorption on a
iven surface site is the first step in understanding whether the site
ay  have a potential catalytic reactivity or not. On the other hand,

easuring (and/or computing) adsorption enthalpies of different
olecules allows to establish an adsorption strength scale that is

elevant in determining a selective adsorption ranking useful for
as separation and selective adsorption purposes. More in detail:
oday 182 (2012) 67– 79 77

(i) the significant difference in the −�Hads (and −�Ec
ads) for the

adsorption of H2 and CO implies that CPO-27-Ni is an interesting
material for the purification of a H2/CO mixture used to feed fuel
cells. (ii) The material can clearly play a role also in the CO2 cap-
ture, even at relatively high temperatures, i.e. for post-combustion
capture as demonstrated by the work of Dietzel et al. [124]. (iii)
Finally, the ability of H2O to progressively displace NO from the
Ni2+ sites [126], makes CPO-27-Ni a good candidate for a controlled
NO drug delivery inside the human body, similarly to the HKUST-1
MOF investigated by the group of Morris [70,187].
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