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Abstract The nature and the potentialities of a new class of crystalline porous materials (MOFs) are briefly 
discussed in the first part of this chapter. Successively, A selection of relevant results appearing in the last five 
years follows, underlying the relevant role of both EXAFS and XANES in determining the structural and electronic 
configuration of metals centers inside MOFs frameworks is presented. 
 
Keywords for the subject index: Metal Organic Frameworks; MOFs; coordination polymers; P-MOFs; porous 
materials; linker, material functionalization; molecular adsorption; XANES; EXAFS; DFT calculations; Einstein 
model; Einstein temperature; Einstein frequency; parametric refinement; ligand exchange reaction; XANES 
simulations; finite difference method; full-potential XANES simulations; FDMNES; muffin tin approximation; 
beyond the muffin tin approximation; XANES;  
 

1. Introduction: relevance and flexibility of MOFs materials 
 
In the last decade, Metal Organic Frameworks (MOFs, also known as coordination polymers) 
represented a new emerging class of porous materials that have focused the interest of many 
research laboratories worldwide.1-18. MOFs diverge from some zeolites in important 
aspects.19,20 Indeed, MOFs exhibit a much larger diversity and flexibility in composition (see 
below Figure 1 and Figure 2) and have less demanding topological constraints in the formation 
of the porous lattices. The enormous number of new MOF frameworks reported every year 
reflects this flexibility and the large interest for their potential applications.21 Zeolites are 
strictly based on tetrahedral building units and their different topology are based on the 
possibility to make a finite number of secondary building units,22 whereas the inorganic 
cornerstone in MOF topologies may be a single metal atom or a more or less complex cluster of 
coordinated metal atoms or extended inorganic sub-structures extending in one, two or three 
dimensions. According to the recent classification done by Tranchemontagne et al.23 the 
coordination of the inorganic cornerstone may span the whole range from 3 up to 66.  

Completely different frameworks can be obtained by keeping the same linker connectivity 
and changing the cornerstone geometry, see Figure 1a, or by fixing the cornerstone geometry 
and changing the linker connectivity see Figure 1b. On top of this, cornerstones can be 
connected using different type of organic linkers, giving rise to the synthesis of isoreticular 
frameworks such as e.g. the IRMOF-1/IRMOF-1624 or the UiO-66/UiO-6825-27 series, see Figure 
1c. 
 

mailto:carlo.lambeti@unito.it


iris-AperTO 

University of Turin’s Institutional Research Information System and Open Access Institutional 

Repository 

 
Figure 1. Examples of the flexibility in the construction of MOF structures. Part (a): fixing the linker connectivity 
(2-fold connected 1,4-benzene-dicarboxylate, (BDC) ) and changing the cornerstone geometry. Part (b): fixing the 
cornerstone geometry and changing the linker connectivity (3-fold benzene-1,3,5-tricarboxilate (BTC) and 4-fold 
3,3’,5,5’-biphenyltetracarboxylate (BPTC) ). Part (c): fixing both the linker connectivity (2-fold) the cornerstone 
geometry (12-fold coordinated cubeoctahedron), but changing the linker length BDC, 4,4′-biphenyl-dicarboxylate 
(BPDC) or 4,4′-terphenyl-dicarboxylate (TPDC). Adapted by permission of Springer (copyright 2010) from Ref. 28 
(parts a,b) and of the American Chemical Society (copyright 2008) from Ref. 25 (part c). 

 

Although the industrial application of MOFs is still limited to a few cases,29,30 this new class 
of materials is foreseen to play an important role in the next future, in the fields of: (i) gas 
separation and purification in general,31-34 and in particular: selective adsorption of H2 or over 
N2 or CO,35 bulk separation of CO2 under near-ambient conditions for the biogas upgrading,36-

39 selective capture of CO2,40-42 of CH4,40 or of for O2,43 hydrocarbons separation,44 selective 
adsorption air purification of toxic chemicals,45,46 enantioselective sorption of alcohols;47 (ii) 
liquid phase separation;33,48 (iii) adsorption and storage of gases;49-54 (iv) materials for drug 
delivery;55-58 (v) optical and luminescent materials;59-67 (vi) photoactivable materials;68 (vii) 
magnetic materials;69,70 (viii) solid state ion conductors;71 (ix) proton conductors;72,73 (ix) 
materials for electronic and optoelectronic devices;74 (x) materials for sensors;67 (xi) catalysis 



iris-AperTO 

University of Turin’s Institutional Research Information System and Open Access Institutional 

Repository 

in general28,75-79 and in particular for: enantioselective chiral reactions;80-84 (xii) 
photocatalysis.85,86 

As deeply described in several authoritative reviews and book chapters,87-98 the 
functionalization of MOF materials remains one of the main challenges driving the MOF 
community, to make newer and newer structures, with specific functionalities. Indeed, the 
metal sites in most of the MOF structures show at maximum one coordination vacancy (and 
only after removal of the solvent, see the HKUST-1 and the CPO-27-Ni cases discussed in 
Sections 3.3 and 3.5, respectively), therefore limiting their application e.g. in catalysis, where at 
least two coordination vacancies are required.  

 
Figure 2. Examples of the flexibility in the linker functionalization of MOF structures: functionalized linker (top) 
and resulting MOF structure (bottom). Part (a): BDC linker, resulting in the standard UiO-66 framework. Part (b): 
NH2-BDC linker. Part (c): NO2-BDC linker. Part (d): Br-BDC linker. Part (e): p-carborane-dicarboxylate (p-CDC) 
linker. Top parts report the linkers, bottom parts report the insertion of the functionalized linker in the UiO-66 
framework. Previously unpublished figure inspired from Refs. 28. 

 

MOFs functionalization (see Figure 2 for some examples) has been performed following two 
main routes: (i) by using during the synthesis linkers containing functionalized groups85,99-103 
or by (ii) by performing post-synthesis modification of MOFs framework. The latter approach 
includes, e.g.: incorporating arenetricarbonyl complexes [−C6H4M(CO)3−] (M = Cr, Mo) on the 
linkers by interaction with M-carbonyls;104-106 performing click reaction between the azide groups 

in the MOF linker network and external alkynes107,108 reduction of the aldehyde functionality of 
imidazolate-2-carboxyaldehyde linker by NaBH4, to obtain the alcohol functionality and 
successive conversion to imine functionality by reaction with ethanolamine;109 insertion in the 
linker of –NH2 groups by interaction with nicotinoyl chloride110 formation of –NHCOCH3 or 
longer amide groups by interaction of –NH2 groups with different acid anhydrides;102,111,112 
metalation reaction on N-containing organic linkers;103,113 carboxy-functionalization;114 amine-
functionalization;115,116 incapsulation of metal nanoparticles MOFs cavities.117,118 In this chapter, 
examples of functionalized MOFs characterized by XAFS techniques are reported in Sections 
3.2 (Pt-functionalized UiO-67) and 3.4 (phosphine functionalized MIL-101). 
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2. Relevance of XAS-techniques in understanding the structure and the reactivity of MOFs 

materials 

 
The fact that MOFs are mainly constituted by low Z elements (C, O, N, H) implies that they 

are almost transparent to hard X-rays;11,119-121 this allows to collect, at the metal K- or L-edges, 
high quality transmission X-ray absorption spectra characterized by an optimized edge jump 
x as high as 1.0-1.5, resulting in accurate data, analyzable up to 15-20 Å-1. Figure 3a reports 
a clear example where high quality data collected up to high k values have been relevant in 
understanding fine structural details. The gray spectrum correspond to the k3-weighted (k) of 
vacuum activated CPO-27-Ni MOF122 (also known as MOF-74 or Ni2(dhtp)) collected at 77 K. 
The blue spectrum has been recorded after N2 dosage at 77 K.123,124 Up to k  11 Å1 the two 
spectra are almost undistinguishable. The small modification induced by the weak adsorption 
of N2 molecule into the coordination vacancy of Ni2+ (Figure 3d) can be appreciated only in the 
12-19 Å1 region. An accurate fit was performed in R-space (Figure 3b) resulting in a Ni2+···N2 
distance of 2.27 ± 0.03 Å. Interesting are also the small, but well defined changes observed in 
the XANES region (Figure 3c). See below Section 3.5 for an in depth discussion on the role of 
XANES simulations in understanding the adsorption geometries of CO and NO molecules on 
Ni2+ sites of CPO-27-Ni. EXAFS was used on the same CPO-27-Ni MOF system to define the 
coordination of CO (2.11 ± 0.02 Å),125 H2O (2.10 ± 0.04 Å)126 and NO (1.87 ± 0.02 Å).126 

 
Figure 3. Part (a): EXAFS signals of CPO-27-Ni MOF, before (gray curve) and after (blue curve) N2 adsorption at 
liquid nitrogen temperature (PN2 = 100 mbar) in k-space. A k3-weight has been adopted. Part (b): phase 
uncorrected FT of the k3(k) functions reported in part (a): modulus (full lines) and imaginary parts (dotted lines). 
Same color labelling as in part (a). Part (c): Normalized XANES spectra show the effect of N2 dosage on CPO-27-Ni 
on the electronic levels of Ni. The inset reports a zoom on the dipole forbidden 1s  3d electronic transition. Part 
(c):  
Optimized periodic structures at B3LYP-D*/TZVP level of theory of CPO-27-Ni + N2. View from the [001] direction. 
Parts (a-c) adapted with permission from Ref. 123, copyright Royal Society of Chemistry (2009); part (d) adapted 
with permission from Ref. 124 copyright Elsevier (2012). 

The complementarity between long range order, investigated by diffraction techniques, and 
local range order, investigated by EXAFS, has already been recognized for complex systems, 
such as metalloproteins,127,128 disordered mixed oxides,129,130 ternary and quaternary 
semiconductor solid solutions131,132 and will here be debated for MOFs. Actually, the chapter 
will have a wider view as it will deal with X-ray absorption spectroscopies, i.e. including both 
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EXAFS133-136 and X-ray Absorption Near Edge Structure (XANES).137-141. Unfortunately, for 
space limitations, we will not consider X-ray emission spectroscopy (XES)103,142-154 that has 
become in the last decade a very promising technique. 
 
3. Selected recent examples 
The role of XAS and related spectroscopies in understanding the structure and the reactivity of 
metal centers in metalorganic framework was reviewed by some of us in 2010.11 In that critical 
review we report cases where EXAFS and XANES have been relevant in understanding the 
structural and electronic properties metal clusters in MOFs. In particular, materials with cluster 
corner stones (zero dimensional) and coordination four (HKUST-1, or Cu3(BTC)2),155 six (MOF-
5),156 nine (Pt-Gd-MOF100 and Pt-Y-MOF99) and twelve (UiO-6625,26 and Ni-cubane157) as well as 
one example of MOF (CPO-27123-126) with a one dimensional inorganic backbone were 
discussed. 

MOFs are crystalline materials with a complex structure (see above Figure 1 and Figure 2), 
consequently, very little information can be extracted from EXAFS data alone. To perform a 
complete EXAFS data analysis, able to reconstruct the whole inorganic cornerstone and its 
binding to the organic part, i.e. to reconstruct the local environment of a metal center up to 4-5 
Å, a guessed 3D structure is mandatory. Usually the 3D structure comes from a diffraction study, 
but it may also come from ab initio optimization.26,27 In review11 it was shown that EXAFS can 
be successfully used in the following cases:  

(i) To just confirm the structure obtained from X-ray or neutron powder diffraction 
refinements (hydroxylated UiO-66,25,26 hydrated HKUST-1 155, Ni-cubane 157 and as 
prepared Pt/Gd-100 and Pt-Y-MOF ;99 MOF) 

(ii) To highlight that the inorganic cornerstone has a lower symmetry with respect to 
that of the organic framework, that escaped the diffraction refinement 
(dehydroxylated UiO-66);25,26) 

(iii) To obtain the local structure of the inorganic cluster in the desolvated material when 
desolvation causes a fragmentation of single crystals accompanied by a partial and 
reversible loss of long range ordering that causes peaks broadening, making 
impossible the structure solution from XRPD (dehydrated Pt/Gd-MOF)100 or when 
simply the XRPD refinement (notwithstanding the quality of the collected pattern) 
does not reach a safe convergence (dehydrated HKUST-1);155) 

(iv) To obtain the local structure of the inorganic cluster in the desolvated material after 
coordination of a probe (or reactant) molecule, including cluster deformation upon 
molecule coordination and metal-molecule binding distance (HKUST-1155 and CPO-
27-Ni;123-126,158 

(v) To highlight the presence of impurities in form of an amorphous extra-phase that 
escaped detection from diffraction methods (some MOF-5 synthesis).156 

In review11 it has also been underlined that, for points (iii) and (iv) the starting model to 
refine the EXAFS datum is that obtained from the refinement of the diffraction data collected 
on the solvated material after removal of the solvent molecule (iii) or after replacement of the 
solvent molecule by a probe molecule (iv). In the latter case the number of coordinated probe 
molecules as well as the adsorption geometry may be critical to be disclosed by EXAFS alone, 
because the scattering contribution from the probe molecule is usually a small fraction of the 
overall EXAFS signal, that is still dominated by the scattering of the ordered framework atoms. 
In these cases any help coming from independent techniques (IR, Raman, volumetric 
microcalorimetry, gravimetric adsorption etc…) is welcome to reduce the number of 
independent parameters optimized in the EXAFS data analysis. We will show in this chapter 



iris-AperTO 

University of Turin’s Institutional Research Information System and Open Access Institutional 

Repository 

(Section 3.5) the relevance of the use of accurate simulation of XANES to disclose the geometry 
and the stoichiometry of the metal site after adsorption. 

On one hand it is evident that, beside point (i), EXAFS spectroscopy is a fundamental tool to 
disclose the local structure of the metal MOFs cornerstones. On the other hand, the existence of 
clear examples discussed in point (ii) and (v), where diffraction methods alone resulted in a 
wrong solution for the structure of the inorganic clusters, makes cases listed in point (i) not a 
trivial exercise but an important structural check, that is recommended for all new MOFs 
structures. 

On top of this, related XANES (and possibly XES)119,144,159,160 techniques provide 
complementary information on the metal electronic structure to complement standard UV-Vis, 
EPR measurements and ab initio calculations. In the following we will focus the attention of 
some relevant EXAFS and XANES results appeared in the literature in the last five years.  
 
3.1. Zr UiO-66, 67 and Hf UiO-66 MOFs 
The recently discovered UiO-66/67/68 class of isostructural MOFs25 has attracted great interest 

because of its remarkable stability at high temperatures (up to 400 °C),161 high pressures and in 

presence of different solvents acids and bases.26 UiO-66 is obtained connecting Zr6O4(OH)4 inorganic 

cornerstones with 1,4-benzene-dicarboxylate (BDC) as linker, while the isostructural UiO-67 

material, obtained using the longer 4,4′ biphenyl-dicarboxylate (BPDC) linker27 (Figure 1c) and Hf-

UiO-66 is obtained keeping the UiO-66 linker (BDC) and substituting the Zr6O4(OH)4 blocks with 

Hf6O4(OH)4 corners.162 Due to the rigidity of the framework several isostructural UiOs has been 

prepared and tasted for the stability and gas adsorption. Kandiah et al.102 studied the thermal and 

chemical stabilities of isostructural UiO-66-X (X= NH2, Br and NO2, see Figure 2c,c,d) and observed 

the lower stability of this analogue with respect to parent UiO-66. Conversely, as documented by 

thermogravimetric studies UiO-6727 and Hf-UiO-66162 show thermal and chemical stability similar 

to that of UiO-66 and exhibit the expected surface area, as determined by low temperature volumetric 

N2 adsorption isotherms. Such a high stability is related to the fact that each Zr-octahedron is 12-fold 

connected to adjacent octahedra. This connectivity is very common for metals, resulting in the highly 

packed fcc structure, but it is still almost unique in MOF topologies.25 

All MOFs are synthesized in presence of a solvent, that has to be removed to make available the 

large pore volume for any practical applications. The desolvation process left almost unchanged the 

XRPD pattern of such materials:25,27,162 besides a gain of intensity of the basal reflections (due to the 

removal of the electron density inside the pores)163,164 all peaks remains in almost the same 2 position 

with small intensity changes. Conversely, a huge modification of the EXAFS spectra is obtained in 

all cases, see Figure 4. 
In the three hydroxylated materials, the structure determined from the Rietveld refinement of the XRPD 

corresponding patterns resulted in a straightforward interpretation of the complex EXAFS signals, see first 

three columns in Table 1. The dramatic modification undergone by the EXAFS spectrum upon 

dehydroxylation (see Figure 4) makes the data analysis not so straightforward. In the case of UiO-66 (see 

Figure 4b, but similar effects are observed in the two other cases) the changes are basically explained in terms 

of three main effects: (i) small contraction of the first M-O shell accompanied by a small decrease in 

coordination (erosion of the shoulder around 1.9 Å); (ii) relevant distortion of the second shell contribution 

showing a maximum that moves from 3.17 Å to 2.91 Å, with a shoulder at 3.41 Å, thus reflecting an important 

splitting of the RM1 distances of the octahedron sides; (iii) the almost complete disappearance of the weak 

contribution around 4.7 Å, due to the M-M SS signal of the octahedron diagonal (RM2). For the three cases, 

differently to the hydroxylated cases, the 3D model obtained from the Rietveld refinement of XRPD data in 

the highly symmetric Fm-3m space group was inadequate to simulate the experimental datum. The origin of 

this failure was, obviously due to the inability of the model to account for two different RM1 and RM2 distances. 

For both UiO-6626 and UiO-6727 cases, the failure of the XRPD model was overcome by using the optimized 

geometry obtained by ab initio periodic calculations. 
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Figure 4. k- (top panels) and R-space (bottom panels) EXAFS data collected on UiO-66, UiO-67 and Hf-UiO-66, parts 

(a,b), (c,d) and (e,f), respectively. Both as synthesized (or hydroxylated) and desolvated (or dehydroxylated) forms of the 

three different isostructural MOFs have been measured. With the exception of desolvated Hf-UiO-66 sample (collected 

at 573 K) remaining spectra were collected at 300 K. Reproduced with permission from ref. 165. 

The inorganic cornerstones of the as synthesized materials are perfect M6(OH)4O4 octahedron (see model 

in Figure 5b), with 6 equivalent M at the vertex, 12 equivalent M-M1 sides and 3 equivalent and M-M2 

diagonals. Upon desolvation two structural water molecules are lost per cornerstone unit (Figure 5a), that 

evolves from M6(OH)4O4 to M6O6.26,27,162 The new M6O6 octahedron compressed (2 opposite vertexes 

approaching, see model in Figure 5c) resulting in the shortening of 8 of the 12 edges, and the elongation of the 

other 4 edges. To take into account this variation we simulated the EXAFS contribution with two 

independently parameterized paths fixing for the degeneration a ratio of 1/3 and 2/3 with respect to the case of 

the single contribution.  

 

 

Figure 5. Part (a): Stick and ball representation of the dehydroxylation undergone by the inorganic M6O4(OH)4 

cornerstone upon thermal treatment at 300 °C in vacuo resulting in a distorted M6O6 cluster (M =Zr or Hf). Red, blue and 

cyan colors refer to M, O and H atoms, respectively. Part (b): Stick and ball representation of the perfect M6 octahedron, 

showing 12 equivalent RM1 sides and 3 equivalent RM2 = √2 RM1 diagonals. Part (c): Stick and ball representation of a 

squeezed M6 octahedron. The 12 sides are now split into 4 in-plane long MM1b sides and 8 prismatic short MM1a sides, 

while the 3 diagonals evolve into 2 in-plane long MM2b and 1 orthogonal short MM2a diagonals. For clarity, O atoms are 

omitted in parts (b) and (c). Reproduced with permission from ref. 165. 
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Table 1. Summary of the EXAFS refinement obtained on the hydroxylated and dehydroxylated forms of UiO-66,26 UiO-

67,27 and Hf-UiO-66.162 The EXAFS refinement of the hydroxylated materials was obtained using as input model the 

optimized structure from Rietveld refinement of the corresponding XRPD patterns. The EXAFS refinement of the 

dehydroxylated materials was obtained using as input model optimized ab initio calculations for the hydroxylated of UiO-

66. With this approach the coordination number (N) of each contribution is fixed by the model stoichiometry. Refinement 

of the experimental amplitude is done by optimizing the overall amplitude factor S0
2 only. The fitting of the higher shells 

was possible only adopting the axial compressed model of the M6O6 octahedron represented where eight octahedron sides 

RM1 are split into eight short prismatic distances (RM1, N=8/3) and four long planar ones (RM1b, N=4/3) and where the 

three diagonals RM2 are split into a short axial diagonal and (RM2a, involving two M atoms out of six; N=1/3) and two 

long planar diagonals (RM2b, involving four M atoms out of six; N=2/3). For the hydroxylated forms of UiO-66 and UiO-

67 also the R3-O and R3-OH distances recently obtained by single crystal XRD have been reported for comparison. 

Adapted with permission from ref. 165. 

 UiO-66 UiO-67 Hf-UiO-66  UiO-66 UiO-67 Hf-UiO-66 

  hydroxylated    dehydroxylated  

T (K) 300 300 300  300 300 537 

R3-O (Å) 2.087  0.008 2.12  0.02 2.12 ± 0.01  2.06  0.01 2.096  0.007 2.06 ± 0.01 

XRD R3-O (Å) 2.064  0.003 2.059  0.002 -  - - - 

RO1 & R3-OH (Å) 2.235  0.008 2.26  0.01 2.25 ± 0.01  2.221  0.007 2.249  0.007 2.19 ± 0.01 

XRD R3-OH (Å) 2.254  0.005 2.256  0.008 -  - - - 

RC (Å) 3.19  0.02 3.40  0.06 3.23 ± 0.06  3.17  0.04 3.15  0.04) 3.22 ± 0.05 

RM1 (Å) 3.511  0.007 3.512  0.006 3.510 ± 0.005  3.35  0.01 3.365  0.015 3.31 ± 0.03 

RM1b (Å) - - -  3.74  0.02 3.80  0.03 3.45 ± 0.06 

RM2 (Å) 4.99  0.04 4.95  0.03 4.964  4.14  0.07) 4.15  0.07 - 

RM2b (Å) - - -  5.30  0.04 5.46  0.05 - 

 

Summarizing, EXAFS spectroscopy allows to detect the evolution from M6(OH)4O4 to M6O6 

(M = Zr or Hf) of the inorganic cornerstones of UiO-66, UiO-67 and Hf-UiO-66 MOFs that escaped 

XRPD detection. DFT period calculations support EXAFS data. Only very recently, Øien et al.166 

succeeding in growing single crystals of UiO-66 and UiO-67 of sufficiently large size to allow 

synchrotron radiation single crystal data collection to be done. From such date it clearly emerges the 

presence of two different first shell 3 oxygen species, namely 3O and 3OH, which ZrO distance 

agreed with the previous EXAFS studies,26,27 see Table 1. These discrimination between first shell Zr 

neighbor escaped any previous XRPD analysis in all these class of materials, but was observed by 

EXAFS26,27,162 and supported by IR spectroscopy. 

3.2. Pt-functionalization of UiO-67 MOF 
Introducing a chemically active Pt site as part of the UiO-67 framework is of great interest as 
platinum has rich redox chemistry, showing 0, II and IV stable oxidation states. Moreover, 
certain square planar Pt(II) coordination complexes are known to be active in C-H bond 
activation,167-171 see the scheme reported in Figure 6a. In particular, the dichlorobipyrimidyl 
platinum(II), PtCl2(BPYM), performs the catalytic oxidation in fuming or concentrated sulfuric 
acid, achieving high yields of methanol with selectivity higher than 90%.172,173 It is consequently 
of potential interest to investigate the possibility to heterogenize such process anchoring the 
active Pt(II) complex on some high surface area material such as recently shown by the group 
of Schüth, for polymers first174,175 and for N-doped carbons176 successively. 

Oien et al.103 have recently succeeded in functionalizing UiO-67 with PtCl2(H2BPDC) 
(Figure 6c) or PtCl4(H2BPDC) units (Figure 6b), substituting 10% of the standard BPDC linkers. 
The authors used extended EXAFS and valence-to-core resonant inelastic X-ray scattering 
(RIXS) techniques to prove the insertion of Pt atoms in the expected framework position of UiO-
67, see Figure 6c. 
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Figure 6. Part (a): Suggested catalytic cycle of the C–H activation on square planar Pt(II) complex. L1, L2 = movable 
ligands, such as Cl, as reported in parts (b,c). Part (b): structure of the isolated H2BPDCPtCl2 center inserted in the 
MOF structure showing 2 N and 2 Cl in the first coordination shell of Pt(II) and showing the distortion induced on 
the two rings by Pt insertion. Part (c) three-dimensional representation of Pt(II)-functionalized UiO-67 MOF. Part 
(a) adapted by permission of the American Chemical Society (copyright 2006) from Ref. 99; parts (b) and (c) 
adapted by permission of the American Chemical Society (copyright 2015) from Ref. 103. 
 

Using EXAFS and XANES, the structural and oxidation state of Pt can be monitored under 
in situ conditions. The elimination of chloride ligands from Pt in a continuous gas flow of H2 
have been monitored by EXAFS during temperature ramping, Figure 7a. The spectrum collected 
at room temperature (black curve) exhibits both the first shell Pt-N and the Pt-Cl contributions 
centered around 1.5 and 1.9 Å (phase uncorrected FT) highlighted by vertical blue and green 
dashed lines, respectively. Upon increasing the temperature both contributions decreases in 
intensity because of the increased Debye-Waller factors (2N and 2Cl). Starting from about 600 
K the Pt-Cl contribution shows a much more relevant decrease in temperature than the Pt-N 
one, suggesting that the system starts loosing chlorine ligands. A standard EXAFS analysis failed 
because of the high correlation between the coordination numbers (NPtN; NPtCl) and the 
thermal parameters (2N; 2Cl).103 The problem was solved performing a complex data analysis 
briefly summarized hereafter.  

 
Figure 7. Part (a): k3-weighted, phase uncorrected, FT of Pt L3-edge EXAFS spectra collected during the operando 
H2-TPR experiments on PtCl2(H₂BPYDC) functionalized UiO-67-Pt(II) MOF in the 300 K (black spectrum)  750 K 
(red spectrum) range. Part (b): quantitative data analysis of the set of spectra shown in part (a) adopting a 
parametric refinement modeling the temperature dependence of the Debye-Waller factors (2N and 2Cl) based on 
the Einstein model. Adapted by permission of the American Chemical Society (copyright 2015) from Ref. 103. 
 

First authors worked only on the sub-set of data in the interval between RT and 473 K. In 
this temperature range no bond breaking occurs so that it was possible to fix NN = NCl = 2. On 
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that sub-set they performed a parametric refinement, commonly adopted in XRPD Rietveld 
refinements,164,177 adopting the Einstein model for describing the temperature dependence of 
both 2N and 2Cl factors. The Einstein model approximates the vibrational density of states as 
a Dirac delta function spiked at a single frequency named Einstein frequency (ωE). The model 
assumes that the pairs PtN (or PtCl) behaves as a quantum harmonic oscillator of mass equal 
to the reduced mass of the atomic pair (M = 13.070 and 30.004 amu for the PtN and PtCl 
pairs, respectively). Under such assumptions, the 2(T) behavior is straightforwardly 
determined by the only ωE parameter according to the equation (1):103,178 

   (1) 

Being E the Einstein temperature of the PtN (or PtCl) bond, related to the Einstein 
frequency by the relationship: ħωE = kBE, where ħ = 1.055 × 1034 J s is the reduced Plank 
constant and kB = 1.38 × 1023 J K1 is the Boltzmann constant.  

This approach allowed the authors to reduce the number of parameters used to optimize 
the thermal factors of the series from 40 to only two, E(PtN) and E(PtCl), with a 
consequent reduction of the correlation among the optimized parameters and thus a reduction 
of the relative error bars. Once obtained the Einstein temperatures E(PtN) and E(PtCl), 
the dependence of both 2N and 2Cl vs. T was straightforwardly obtained via Eq. (1) and 
extrapolated on the whole set of data (i.e. also above 473 °C). This strategy allowed to have 
stable fits on the whole temperature range while optimizing both NN and NCl, as shown in Figure 
7a. From this data analysis, it is evident that both NN and NCl are stable to the stoichiometric 
values of 2.0 up to 575 K, when they start to decrease together. However, while NCl decreases 
almost linearly to 0.4 at 750 K, NN undergoes a fast decrease to 1.6 at 610 K and then remains 
almost stable, being its value at 750 K of 1.4. This means that a prolonged activation in H2 of the 
UiO-67-Pt(II)_PMLS MOF in the 610-640 K interval will result in a minimal loss of Pt(II), that 
will lose the PtN connection with the framework, but in the break of an important fraction of 
the PtCl bonds. The experiment reported in Figure 7 proved that this activation temperature 
interval is ideal to obtain a material where most of the functionalized Pt(II) species are still 
linked to the MOF framework, exhibiting the coordination vacancies needed to make the UiO-
67-Pt(II)_PMLS material a potential heterogeneous catalyst.103 The presence of coordination 
vacancies at platinum sites was directly testified by IR spectroscopy of adsorbed CO.  

EXAFS also provided evidence of the liquid phase ligand exchange with toluene-3,4-dithiol 
(H2tdt) and of the liquid phase oxidative addition of Br2 to Pt, see Figure 8. All observed 
reactions take place without any degradation of the framework, as testified by parallel XRPD 
experiments. 
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Figure 8. Part (a): experimental Pt L3-edge k3(k) spectra of UiO-67-Pt(II) before (black line) and after interaction 
with H2tdt (violet line) and Br2 (orange line). Part (b): modulus of the k3-weighted, phase uncorrected FT of the 
experimental EXAFS spectra reported in part (a), open symbols, same color code as in part (a). Also reported, as 
continuous lines of similar color, are the corresponding best fits. Part (c): as part (b) for the imaginary parts of the 
k3-weighted, phase uncorrected FT. Part (d): Schematic representation of the reactivity of PtII species in 
functionalized UiO-67-Pt MOFs that has been highlighted in the EXAFS and XANES study reported in Figure 7 and 
in parts (a-c) of this figure. The sketched square bi-pyramid represents the octahedral large cavity of UiO-67, 
measuring about 16 Å in diagonal.25,27 Adapted by permission of the American Chemical Society (copyright 2015) 
from Ref. 103. 
 

Also the XANES part of the XAS spectrum Figure 9a is sensitive to the changes undergone 
by the local environment of Pt(II) along the chemical reactions reported in Figure 8. Indeed, 
upon change in the Pt oxidation state, Pt L3-edge XANES will show a very small edge shift while 
exhibit a noticeable variation of the intensity of the “white-line” peak.103,179,180 Indeed, the 
XANES part of the Pt L3-edge mainly promotes core 2p3/2 electrons into empty 5d3/2, 5d5/2 and 
6s valence states, so manly probing the unoccupied density of 5d-states and partially 6s-states. 
The formal electronic configuration of platinum depends on its oxidation state as follows: Pt0 
(6s15d9), PtII (6s05d8) and PtIV (6s05d6); consequently an increase of the Pt oxidation states 
results in an higher density of unoccupied 5d states (and 6s) that is directly measured by an 
increase in the intensity of Pt L3-edge. The XANES spectra reported in Figure 9a for UiO-67-
Pt(II) MOF before (red line) and after interaction with H2tdt (blue line) and Br2 (green line) 
clearly follow this quantitative, phenomenological guiding line. Interaction with H2tdt (blue 
spectrum in Figure 9a) does not change the white line intensity, affecting only the post edge 
and EXAFS region of the spectrum; on these basis it was concluded that we are a ligand 
exchange reaction occurred. Conversely interaction with Br2 (green spectrum in Figure 9a) 
results in a significant increase in the white line intensity, testifying an oxidation process from 
Pt(II) to Pt(IV).103 

On a more quantitative ground, the simulation of the XANES spectra, performed with ADF 
code ADF code on the H₂bpydcPtCl₂, H₂bpydcPt-tdt and H₂bpydcPtBr4 molecular fragments 
(Figure 9b), were able to reproduce correctly the variation of the white line intensity, and post 
edge features.181 
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Figure 9. Part (a): experimental Pt L3-edge XANES spectra of UiO-67-Pt(II) before (red line) and after interaction 
with H2tdt (blue line) and Br2 (green line). Part (b): As part (a) for the theoretical spectra computed with ADF code. 
Unpublished figure. Reproduced from Ref. 181. 

 
3.3. Interaction of NH3 with Cu2+ sites in HKUST-1 
HKUST-1, also known as Cu3(BTC)2, is a Cu(II) based fcc-MOF characterized by a 3D system of 
square-shaped pores (9 Å  9 Å).182 In Cu3(BTC)2 Cu2+ ions form dimers, where each copper 
atom is coordinated to four oxygen atoms, coming from the benzene-1,3,5 tricarboxylate (BTC) 
linkers ([Cu2C4O8] cage) and one water molecule adsorbed on each Cu2+ site.55,155,183 A 
schematic representation of the Cu3(BTC)2 buildings blocks and how they are connected to give 
rise to the three-dimensional structure is reported in Figure 10a. The EXAFS study of Prestipino 
et al.155 showed that water molecules can be removed from the first coordination shell of Cu2+ 
without loss of crystallinity and porosity. This property is extremely important, as it implies the 
formation of coordinatively unsaturated Cu2+ sites that become consequently available for 
additional ligands such as molecules dosed from the gas phase (Figure 10b). EXAFS analysis 
revealed that water removal from the first coordination shell of Cu2+ causes an important 
modification of the [Cu2C4O8] cage resulting in a decrease of the Cu2+-Cu2+ distance from (2.64 
 0.02) Å down to (2.50  0.02) Å.155 Successively, Borfecchia et al.158 repeated the experiment 
and confirmed the shrinking of the Cu2+-Cu2+ distance upon dehydration previously observed 
by Prestipino et al., but to a smaller extent: from (2.65  0.02) Å down to (2.58  0.02) Å, see 
Table 2.  

Borfecchia et al.158 also investigated by EXAFS the coordination of NH3 on the 
dehydrated material, observing that ammonia binds to Cu2+ at a distance of (2.31  0.01) Å 
(while water coordinates at (2.24  0.03) Å) and causes an impressive expansion of the Cu2+-
Cu2+ distance up to (2.80  0.03) Å, see Table 2. 

Of interest is also the XANES study reported by Borfecchia et al.158 and here summarized 
in Figure 12. Part (a) reports the experimental XANES spectra of HKUST-1 as-prepared 
(hydrated sample, blue solid line), after activation at 453 K (dehydrated sample, pink solid line) 
and upon contact with 60 mbar of ammonia at room temperature (green solid line). The XANES 
spectra of the as prepared and dehydrated sample are typical of Cu(II) species, showing the 
edge jump at 8990 eV and two characteristic pre-edge peaks at ca. 8976 eV and ca. 8986 eV, 
labelled as (1) and (2), respectively, in Figure 12a, and separately reported in the insets of the 
same part. Feature (1) is assigned to the very weak 1s → 3d quadupolar transition, while the 
shoulder (2) appearing along the white line profile is related to the dipolar shakedown 1s → 4p 
transition.  
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Table 2. Summary of the Cu-Cu and Cu-L (L = H2O or NH3) bond distances in HKUST-1 MOF obtained by single 
crystal (SC) XRD and EXAFS. Previously unpublished table, reporting data published in the references quoted in 
the last column.  

Ligand (L) technique Cu-Cu distance (Å) Cu-L distance (Å) Ref. 
H2O SC XRD 2.628(2) 2.165(8) 182 
H2O EXAFS 2.64(2) 2.19(2) 155 
H2O EXAFS 2.65(2) 2.24(2) 158 
 EXAFS 2.50(2)  155 

 EXAFS 2.58(2)  158 
NH3 EXAFS 2.80(3) 2.31(1) 158 

 

 
Figure 10. Part (a): Schematic representation of the building blocks of HKUST-1. Two Cu2+ ions, and four benzene-
1,3,5 tricarboxilate (TMA) linkers are bounded to give rise the final 3D structure. The picture shows the typical 
paddle wheel coordination of Cu2+ sites. Water molecules directly bounded to Cu2+ are represented by an oxygen 
atom only. Part (b) top: hydrated [Cu2C4O8](H2O)2 cluster. Part (b) bottom: dehydrated [Cu2C4O8] cage. Color code: 
Cu2+ (blue); O (red); C (grey) H (white). Part (c): cluster used as starting point for the fitting procedure of EXAFS 
data. Atoms color code is the following: Cu pale pink, C gray, O red. The groups of atoms involved in the principal 
paths contributing to EXAFS signal are labeled and highlighted by different colored halos (oxygen atoms of the 
TMA carboxyl groups directly coordinated to the Cuabs, O1, gray; oxygen of the water molecule directly coordinated 
to the Cu absorber, OH2O, light blue; second copper atom of the dimer in front of the absorber, Cu, green; the four 
carbon atoms of the TMA carboxyl groups, C, orange; oxygen atoms coordinated to the not absorber copper site, 
O2, purple). Parts (d), (e) and (f): Comparison between experimental and corresponding best fits for the hydrated 
(d), dehydrated (c) and dehydrated + NH3 (d) sample. Top panels report the modulus of the FT, while bottom 
panels show the imaginary parts of the FT, and the principal paths contributions to the total signal. Parts (a,b) 
adapted with permission from Ref. 183, copyright RSC 2007; parts (c-f) adapted with permission from Ref. 158 
copyright ACS (2012). 

 
XANES spectra reported in Figure 12b were simulated using FEFF8.4 code.133 For the 

hydrated version of HKUST-1 (blue spectrum) the authors adopted as input geometry the 
structure optimized in the single crystal XRD study of Chui et al.182 and cutting a cluster 
centered on one of the Cu atoms with a radius of 6 Å around it. For a further improvement of 
the simulations, an optimization of geometrical parameters was performed exploiting FitIt 
software184 and optimizing five structural parameters: (i) the Cu-Cu and (ii) Cu-H2O bond 
length, the distance between the Cu atom and the TMA carboxyl groups with a separate 
optimization of (iii) Cu-O1 and of (iv) Cu-C and Cu-O2 distances (optimized in a correlated way 
to use only one free parameter) and (v) a general overall contraction or elongation of all the 
other distances (RXANES =  RXRD).126,185 See Figure 11c for the atom notation. It has been 
observed that a variation of Cu-Cu distance reflected in very slight changes in the XANES 
features, the Cu-H2O distance influences the intensity and partially the position in energy of the 
pre-edge feature (2), the carbonyl groups distances and a possible overall contraction or 
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expansion strongly influence both the intensity and the position of the white line and the shape 
of the multiple scattering features at higher energies.158 

 

 
Figure 11. Part (a): Experimental XANES spectra of HKUST-1 in its hydrated (blue line) and dehydrated (pink line) 
forms and after successive interaction with NH3 (green line). The insets report magnifications of the 1s → 3d 
quadupolar transition (1) and of the shakedown 1s → 4p transition (2). Part (b): as part (a) for the simulated 
spectra. Adapted with permission from Ref. 158 copyright ACS (2012). 

 

The simulation of the dehydrated sample was obtained removing the water molecules 
from the previous cluster, while for the sample in interaction with ammonia the H2O molecules 
were substituted by two NH3 ones.158 In the case of the hydrated sample, the best agreement 
between the simulated curve and experimental data was obtained with a slight shortening of 
Cu-H2O distance, an elongation of 0.05 Å of both Cu-O1 and the constrained Cu-C and Cu-O2 
distances, corresponding to a shift along the bond axis of the carbonyl groups and a slight 
general contraction of all other distances. Upon water removal, no shift in the absorption edge 
is observed, providing an evidence that no change in oxidation state of the Cu centre occurs. 
However, the XANES spectrum of the dehydrated sample shows: i) a decrease of the white line 
intensity, and ii) an increase in the intensity of feature (2), that appears more as a well 
separated band than as a white line shoulder. The simulation of the XANES spectrum for the 
activated sample was performed with the same method previously described for the hydrated 
sample removing the atoms of the two water molecules, resulting in an optimization with four 
parameters only. Even without a structural optimization, in the simulated spectra it has been 
observed the same trend noticed on the experimental curves where the decrease of the white 
line intensity is correlated to the lower coordination number, and the increase of the intensity 
of feature (2) is ascribable to a lower symmetry of the Cu(II) species. The authors concluded 
that in the simulated curves this trend is less evident probably because a full description of the 
asymmetric distortion undergone by the Cu species in the activated sample would require a too 
high number of parameters to be optimized. The optimization of the bond distances resulted in 
a slight contraction of the distances between the absorbing Cu atom and carbonyl groups and 
all other distances, in agreement with the results found by EXAFS study (see Figure 11 and 
Table 2). The XANES spectrum of the activated sample after the interaction with NH3 evidences 
an additional increase in the intensity and a slight blue-shift of the dipole band (2) assigned to 
the 1s → 4p transition.158 Moreover, a new pre-edge peak is observed at ca. 8983 eV. Despite 
the edge position is not modified respect to the as prepared and activated samples (no change 
in oxidation state of the metal), the white line is modified towards a more structured 
appearance, and seems to return towards the shape observed in the case of the hydrated 
sample. The simulation of the spectrum for the sample after interaction with NH3 was 
performed following the same method adopted for the hydrated material and substituting the 
water molecules with two NH3 molecules. After the optimization of the geometrical parameters 
it has been observed that an increasing of the intensity of the pre-edge feature (2) is 
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proportional to the Cu-NH3 distance which was optimized at 2.3 Å with a considerable 
elongation with respect to the previous position of the water molecules. Moreover a splitting of 
the white line feature, even if less evident with respect to the experimental spectra, has been 
observed after a distortion of carbonyl groups simulated by a slight elongation of Cu-O1 
distances but a severe shortening of both Cu-C and Cu-O2 and all other distances. The authors 
concluded that that the deformation introduced to simulate the XANES spectra is in agreement 
with the results of the EXAFS fit.158 
 
3.4. Discrimination between phosphine and phosphine oxide groups in P-MOFs by P K-
edge XAS 
Phosphine metal–organic frameworks (P-MOFs) are crystalline porous coordination polymers 
that contain phosphorus functional groups within their pores.186-191 Incorporation of 
phosphine functional groups inside structures with new and existing topologies is achieved 
using direct solvothermal synthesis, postsynthetic modification192 or the co-crystallization of 
organic linkers with similar connectivity.193 Interesting applications for this new class of 
materials have been foreseen in transition metal immobilization and catalysis.187,194 

 
Figure 12. Part (a): P K-edge XANES spectra of the PPh2-BDC (red curve) and POPh2-BDC (blue curve) organic 
linkers. Also reported are the linker structure and the peak labeling. Part (b): P K-edge XANES spectra of LSK-15 
(orange curve) and LSK-12 (cyan curve) P-MOFs with MIL-101 topology. The red and blue spectra represent the 
weighted fraction of the linker spectra, see part (a), used to reproduce the XANES spectra of the P-MOFs with a 
linear combination approach (dotted spectrum). Part (c): Schematic representation of P-MOFs with MIL-101 
topology. Adapted with permission from Ref. 191, copyright Royal Society of Chemistry (2015). 
 

Very recently Morel et al.191 used soft-X-ray P-K-edge XAS to determine the phosphine 
to phosphine oxide ratio in two P-MOFs with MIL-101 topology, shich structure is described in 
Figure 12c. This achievement is of particular relevance as e phosphorus oxidation state is of 
particular interest as the phosphine to phosphine oxide ratio influences the coordination 
affinity of P-MOFs for transition metals. Differently to solid state NMR spectroscopy, P-K-edge 
XAS can determine the oxidation state of phosphorus even when the material contains 
paramagnetic nuclei. 

The P K-edge XAS spectra of PPh2-BDC and POPh2-BDC linkers, see Figure 12a red and 
blue spectra respectively, provide a spectral reference for the characterization of the two P-
MOFs. A blue shift in the white line from 2147.3 to 2150.6 eV is observed upon oxidation of the 
phosphorus nuclei, compare the pre-edge resonances (AI and BI in Figure 12a), that are 
attributed to the effect of phenyl groups in the higher coordination shells of the phosphorus.195 
The spectrum of PPh2-BDC exhibits a more pronounced pre-edge feature relative to its white 
line, compared to that of the POPh2-BDC linker. Spectral features are not affected equally by the 
presence of an oxygen atom, with a 2.2 eV shift for AI to BI features compared to a 3.3 eV for the 
A to B white lines. PPh2-BDC displayed an additional spectral feature AII at an energy very close 
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to that of the white line of POPh2-BDC (2150.3 eV) and indicates partial oxidation of the sample 
in agreement with a parallel 31P NMR investigation.191 

The P K-edge XANES spectra of LSK-15 and LSK-12 P-MOFs are reported in Figure 12b, 
orange and cyan spectra, respectively. The former P-MOF is characterized by a complex XANES 
spectrum defined by five different absorption features (C to CIV), which testifies the presence of 
multiple phosphorus oxidation states. As for PPh2-BDC linker, LSK-15 displayed features 
related to the white lines of triarylphosphine (C) and triarylphosphine oxide (CII) at 2145.7 and 
2150.2 eV, respectively. The relative intensity of CII to C ratio is higher in LSK-15 than in the 
corresponding AII to A ratio in the organic linker PPh2-BDC providing proof of phosphorus 
oxidation inside this MOF. The pre-edge feature CI is attributed to the characteristic resonance 
of phosphine environment in PPh2-BDC. The XANES spectrum of LSK-12 displays fewer 
features than LSK-15 (D to DIII). Comparison based solely on the absorption edge positions of 
the two organic linkers is difficult due to a perceived overlap between A and BI, which could 
both be contributors to the DI feature. However, the absence of the corresponding AI preedge 
feature in LSK-12, and to a lesser extent the small edge shift between C and DI, are indicative of 
phosphine oxide as the primary phosphorus species in LSK-12. The relative intensities of the 
white line D and the pre-edge feature DI also compare well with the POPh2-BDC organic linker. 
Finally, Morel et al.,191 reproducing the XANES spectrum of the P-MOF samples with a linear 
combination of the spectra of the linkers concluded that phosphine accounts for about 70 % of 
the total phosphorus groups in LSK-15 and that LSK-12 contains only phosphine oxide, see 
Figure 12b. 
 
3.5. Optimized finite difference method for the full-potential XANES simulations: 
application to molecular adsorption geometries in MOFs 
Over the past two decades much progress has been made in the understanding the features of 
the XANES region of the X-ray absorption spectra.133,134,137,140,196-205 

As already outlined at the end of section 3.3 (see Figure 11 and related discussion) 
appearance of progressively more sophisticated codes, together with the increased 
computational capabilities, has made XANES a spectroscopy able to quantitatively confirm or 
discard a structural model for the environment of the X-ray absorbing atom, forming thus a new 
fundamental diagnostic tool in condensed matter physics and chemistry.119,148,149,206 Besides 
the multiple scattering approach (used e.g. by, FEFF,133 XKDQ,207 CONTINUUM,208,209 
MXAN.138,139 etc… codes) the Finite Difference Method (FDM)140,205 is attractive for calculations 
of the photoelectron wave function up to 100−200 eV above the absorption edge avoiding, in a 
simple way, the muffin tin approximation used in the multiple scattering theory approaches. In 
the muffin tin approximation, the potential is assumed to be spherical inside the touching (or 
overlapping) atomic spheres and constant between them.134 The main drawback of the XANES 
simulation in the FDM approach is the heavy computational time and the huge RAM required 
to store the computed values. Very recently, due to the use of dedicated solvers for sparse 
matrices, Guda et al.141 succeeded in reducing by more than one order of magnitude the 
required CPU time and in halving the needed RAM required by the standard Gaussian method 
previously used by the FDMNES code.140 The potentialities of this improved version of the 
FDMNES code are hereafter discussed using as example the Ni K-edge XANES spectra of CPO-
27-Ni MOF and its modification upon molecular adsorption on the Ni site. 
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Figure 13. Part (a): normalized theoretical Ni K-edge XANES spectra computed with the FDNMES code as a 
function of cluster size used in calculations for the CPO-27-Ni structure. The inset reports, in logarithmic scale, the 
relative CPU time needed to run the XANES simulation on the cluster of radius R with the original FDMNES code 
(squares) and with the new accelerated version (triangles), with respect to the time needed for the R = 4 Å 
simulation with the original version of the code. The numbers close to the vertical arrows represent the speed-up 
factor for a given cluster size defined as CPU(original)/CPU(accelerated). Part (b): difference XANES spectra 
calculated for the spectra reported in part (a) with respect to R = 7 Å simulation. In both panels the spectra are 
shifted vertically for the sake of clarity. For a view of the CPO-27-Ni structure, see Figure 3. Adapted with 
permission from Ref. 141, copyright American Chemical Society (2015). 

 

CPO-27-Ni MOF122 contains one-dimensional channels which are filled with water that can 
be removed by a mild thermal treatment. Upon dehydration the crystalline structure is 
preserved and a material with a high surface area containing unsaturated metal sites organized 
in helicoidal chains is obtained,126 see above Figure 3d. In its dehydrated form the first 
coordination of Ni2+ atoms consists into five framework oxygen atoms in a square planar 
pyramidal-like configuration, leaving one coordination vacancy free for adsorbate coordination 
adsorbate molecules such as: CO,125 H2O,126 NO,126 N2,123 C2H4,123 H2S.210 As shown above in 
Figure 3c, the adsorption of a molecule into the coordination vacancy of Ni2+ causes week, but 
significant, changes in the Ni K-edge XANES spectrum of CPO-27-Ni. As just outlined, the XANES 
simulation in the FDM approach is CPU time consuming. Indeed, a large cluster must be cut 
around the Ni atom that undergoes the photoelectric effect before reaching convergence of the 
XANES calculations. This fact is clearly shown in Figure 13a showing that the simulated XANES 
spectrum of the dehydrated form of CPO-27-Ni changes significantly moving from a cluster cut 
R = 3 Å to one cut at R = 5 Å. This fact is even more evident in Figure 13b where the difference 

spectra are shown: 
7,𝑅
𝑡ℎ𝑒𝑜(𝐸) =  

7
𝑡ℎ𝑒𝑜(𝐸)  

𝑅
𝑡ℎ𝑒𝑜(𝐸) . Unfortunately, the CPU needed to 

perform the XANES simulation scales approximatively with an exponential function of the 
cluster size, as shown by the scattered squares reported in the inset of Figure 13a, that are 
almost linear in a logarithmic ordinate scale. This means that the simulation on the R = 7 Å 
cluster is 44 times more demanding than that on the R = 4 cluster; moreover it requires 14 
times more RAM memory (data not reported in the inset). The accelerated version of the 
FDMNES code,141 reduces significantly the requested CPU time for the same calculations, see 
scattered triangles in the inset of Figure 13a. Of particular interest is the fact that the speed-up 
of the calculations (defined as the ratio between the CPU time needed in to perform a given 
calculation in the standard code divided by the time needed for the same calculation with the 
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accelerated version of the code) scales favorably with the increasing cluster size: with some 
fluctuations it moves from 14 to 38 moving from the R = 4 Å cluster to the R = 7 Å one (see the 
numbers reported close to the vertical arrows in the inset).  

The gain of a factor larger than one order of magnitude (up to forty for the large clusters 
relevant to obtain a meaningful simulation) makes it possible to perform structural 
determination from a detailed XANES study. To prove this concept we will show that it is 
possible form the simulation of the XANES spectra to determine the geometry of the molecular 
complex formed upon adsorption of a diatomic ligand molecule (NO or CO) on the coordination 
vacancy of Ni2+ sites in the dehydrated form of CPO-27-Ni MOF. As the spectroscopic difference 
between the XANES spectra collected before and after molecular adsorption are not very large 
(see e.g. the case of N2 adsorption reported in Figure 3c), they are better appreciated by 
reporting the difference spectra exp = exp(+NO)  exp(dehyd), as done in the scattered dots 
spectrum reported in Figure 14a, for the case of NO adsorption. Also reported (red curve) is the 
analogous difference spectrum obtained from the simulations: theo, = theo,(+NO)  
theo(dehyd). As shown in Figure 14b, theo,(+NO), an thus theo,(+NO), depends on the 
adsorption geometry of the NO molecule, in particular on the adsorption angle Ni-N-O (). 

 

 
Figure 14. Part (a): Difference XANES spectrum obtained subtracting the spectrum of the dehydrated CPO-27-Ni 
MOF form that obtained after dosing NO on the same sample (black scattered dots). The red spectrum is the 
analogous difference XANES spectrum obtained from the subtracting the spectra obtained with the FDMNES 
simulations with a Ni-N-O angle () of 103°. Part (b): Effect of  in the computed difference XANES spectra. The 
inset reports, with the sticks and balls drawing, a cartoon of the first shell around Ni (lilac) formed by five 
framework O (red) plus the coordinated NO molecule, N (blue), defining the  angle. Previously unpublished figure 
reporting data discussed in Ref. 141. 
 

The simulations reported in Figure 14b clearly indicate that it is possible to determine 
the adsorption angle  by an appropriate comparison between the experimental  and the 
theoretical ones computed for different  angles. The red squares in Figure 15 reports the 
integrated difference over all the sampled points of |exp(Ei)  theo,(Ei)| in the 8325-8440 
eV interval plotted versus the adsorption angle  used in the simulations. From the results it is 
evident that the linear geometry is not favored and that the XANES simulations predict a bent 
geometry for the NiNO adducts with a  angle in the 90-140 ° range. Conversely, for the CO 
adsorption (scattered black circles in Figure 15) the linear geometry (  180°) is clearly 
favored. These results are in agreement with the periodic DFT calculation performed by 
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Valenzano et al.124 where the optimized structures were characterized by adsorption angles of 
NiNO = 123° and of NiCO = 171°, while the fitting of the EXAFS data resulted in good 
agreement with the experimental data by fixing the adsorption angles to NiNO = 130° and of 
NiCO = 180°.125,126 

 
Figure 15. Integrated difference over all the sampled points of |exp(Ei)  theo,(Ei)| in the 8325-8440 eV 
interval plotted versus the adsorption angle  used in the simulations. Red squares and black circles refer to the 
CO and NO adsorption, respectively. The inset reports, with the sticks and balls drawing, a cartoon of the first shell 
around Ni of the carbonyl and nitisol adducts formed inside CPO-27-Ni MOF: Ni(lilac), O (red), N (blue), C (grey). 
Adapted with permission from Ref. 141, copyright American Chemical Society (2015). 

 
6. Conclusions 
In this chapter, we have introduced MOFs as the new class of crystalline porous materials of 
remarkable potentialities. We have underlined the flexibility in the realization of different 
MOFs frameworks and the fact that they are ideal materials for performing X-ray absorption 
experiments at the metal K or LIII edges in transmission mode. A selection of relevant results 
appearing in the last five years follows, underlying the relevant role of both EXAFS and XANES 
in determining the structural and electronic configuration of metals centers inside MOFs 
frameworks.  
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