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Introduction

Metal-organic frameworks (MOFs) are microporous crystalline compounds which attracted
the attention of whole the scienti ¢ community in the last years. The cleverness of research
groups all around the world carried to the synthesis of more than 70,000 varieties of such
hybrid compounds interesting in many application elds [1]. The synthesis of these hybrid
compounds arose from the need to combine the rigidity and robustness of zeolites with the

exibility and softness of Porous Coordination Polymers (PCPs) [2]. Thus MOFs represent
a perfect middle way between the features of both class of materials [3]].

The basic constituents of this class of compounds, which are metal groups and organic
linkers, during the synthesis form porous crystalline matrix [3, 4} 5] with particular proper-
ties. Their main characteristics are: the high speci ¢ surface 103-10* m?/g, about an order
of magnitude greater than zeolites and mesoporous materials [6], which gives them great
adsorption capacity of molecules and gases; the large volume of pores, determined by the
choice of the length of the organic linkers and the shape of the cavities of the crystalline
matrix [4]. These features give them great ability to trap guest molecules. Others of their
strengths are the versatility and the ability to be manipulated and tailored to speci c situa-
tions [3, 4, 5, [7], which make MOFs more ef cient from the point of view of application,
even after the synthesis. For all these properties, MOFs are promising materials in storage
and capture of various gases [8, 9], chemical separations [9, [10], catalysis [11} 12, 13], sens-
ing [14], drug delivery [15] [16] and so on.

One of the most known and studied MOFs for its chemical, structural and magnetic
properties is HKUST-1, belonging to the class of carboxylate MOFs. These properties are
such to make it a model for the whole class of carboxylate compounds.

HKUST-1 was synthesized for the rst time in 1999 by Chui et al. [17]. The heart of its
framework is the paddle-wheel unit, constituted by a dimer of Cu?* ions linked together by
four carboxylates bridges, each of them part of a benzene 1,3,5-tricarboxylate (BTC) linker
molecule. These organic molecules constitute the communication bridges between neighbors
paddle-wheels, forming a 3D crystalline framework of large square-shaped pores (9 A 9
A) [17].

Thanks to the great af nity of its metallic group with NH3 and CO, molecules, it can
be used to remove such toxic gases, ammonia [18, [19] and carbon dioxide [10, 20], from
contaminated air and ue gases. In energetic and environmental elds, HKUST-1 can be

1
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employed for separation of carbon dioxide from hydrogen, methane, nitrogen, and oxygen
to purify these gases and to decrease the emission of greenhouse gases [9, 10} [21]. Its po-
tentialities for gas storage, in particular for hydrogen and methane, are relevant in the eld
of alternative and renewable energies [22, 23| 24, 25, [26]. As catalyst, HKUST-1 is very
promising since its metal sites are strongly active in many reactions and because they can
be easily accessed from the surface of the large pores of the framework by a large variety of
interesting molecules [27].

Previous studies pointed out that activated HKUST-1 is strongly hydrophilic [28] and
that the binding sites on Cu?* ions are the primary adsorption sites for polar molecules such
as water [28, 29, 130]. For example, a few minutes of exposure to air were suf cient to reveal
water uptake with Nuclear Magnetic Resonance (NMR) spectroscopy [31]. This af nity of
HKUST-1 with respect to water is very interesting for many applications, such as in biomed-
ical eld [32, 33], in the packing and transporting of gaseous industrial streams to avoid
corrosive and condensation effects [34], and to increase the ef ciency of CO, capture [35].

In spite of these interesting applications, it was shown that the crystalline structure of
the HKUST-1 can be seriously damaged by a prolonged exposure to moist environment.
Recent studies demonstrated the ability of water molecules to condensate into the cavities of
the material and to start the hydrolysis process of Cu-O bonds involved in the paddle-wheel
units. The consequence is a damage of the crystalline structure [28, 29| 136} 37, [38]. This
property limits not only the applications where HKUST-1 is directly exposed to moisture or
water but also all those uses where water is present just as impurity [39, 40, 41, 142].

Our study aims to characterize in great detail the decomposition process of HKUST-1
upon a long exposure to air, unveiling all the main stages involving the crystalline matrix.
To accomplish this objective, we took advantage of various spectroscopic experimental tech-
niques which permitted us to characterize the system at atomic level. Thanks to this ap-
proach, we revealed three different stages of the interaction of HKUST-1 with air moisture
and we determined the equilibrium structures of the paddle-wheel units in each of these
stages.

This Ph.D. thesis is organized in 6 chapters. Chapter 1 describes the theoretical back-
ground of all the experimental techniques used in the present work. Chapter 2 provides an
overview on the main features of the class of microporous metal-organic compounds and, in
particular, it reviews the state-of art of the magnetic, structural and vibrational properties of
the material object of this thesis, the HKUST-1 MOF. Furthermore, we report a brief descrip-
tion of the composite material HKUST-1/FDU-12, constituted by HKUST-1 grown inside the
mesopores of FDU-12 silica matrix. Chapters 3 and 4 concern experimental procedures and
materials employed, respectively. Chapter 5 contains the presentation of the results obtained
from the analysis of the experimental data collected and their critical discussion, whereas
Chapter 6 is devoted to the conclusions drawn from these studies.



Chapter 1
Theoretical background

The principal goal of this Thesis is to investigate structural changes involving crystalline
matrix of the Metal-Organic Framework (MOF) HKUST-1 during its exposure to air mois-
ture. The scaffold of this microporous compound contains metallic groups, constituted by
two Cu?*, chelated by four carboxylate bridges. The fundamental unit formed in this way is
called paddle-wheel unit [17]. Both Cu?* ions of the paddle-wheels of the pristine structure
have an electron spin S=1/2 and, consequently, they exhibit a paramagnetic activity [43]. For
this reason, Electron Paramagnetic Resonance (EPR) spectroscopy is a powerful technique to
monitor changes of magnetic properties of paddle-wheel units but also to achieve structural
and chemical information about the local environment of Cu?* ions. Moreover, further im-
portant structural investigation techniques were applied to the analysis of the decomposition
process of HKUST-1, such as X-ray Absorption Fine Structure (XAFS) spectroscopy and Ra-
man scattering. Considering the porous crystalline structure of HKUST-1, X-ray diffraction
(XRD), Brunauer-Emmett-Teller (BET) theory and Scanning Electron Microscopy (SEM)
are useful analysis methods to observe signi cant change of the matrix with respect to long-
range order, speci c surface and morphology, respectively. For all these reasons, this chapter
provides a deep theoretical discussion on EPR and XAFS spectroscopy, Raman scattering,
and a brief overview on XRD, BET theory and SEM analysis.

1.1 Magnetic properties of matter

Let us consider the reaction of the matter with respect to the application of an external mag-
netic eld. Some materials, as ferromagnets, are characterized by an intrinsic magnetization,
M, de ned as the net magnetic dipole moment per unit volume:

" (L.1)
=1

1
M= —
Vi

Other solids can exhibit a net magnetic dipole moment per unit volume only in presence

of an external magnetic eld B [44]. In any case, the elementary magnetic dipoles are able
to produce an own induced magnetic eld that overlaps with the external one, B. The total

3



4 CHAPTER 1. THEORETICAL BACKGROUND

magnetic eld H within the material is [44], 45]:

B
H=— M 1.2
- 12)

where mp=4p 10 7 JC2s?m™ (= Tm/A) is the permeability of vacuum. As it is already
possible to deduce from Eq.[1.2] B and H have not the same units. Indeed, B is the magnetic
induction measured in T, whereas H is the total magnetic eld measured in A/m [44] 45]].

Certain magnetic materials are characterized by an empirical linear relation between the
total magnetic eld H and the magnetization M, described in the following equation:

M= cH (1.3)

In Eq. (1.3), the dimensionless constant c is the magnetic susceptibility, that quanti es
the magnetization of the material upon application of an external magnetic eld [44,/45]. By
de nition, a solid characterized by a negative susceptibility, c <0, is diamagnetic, whereas
if the susceptibility is positive, the material is de ned paramagnetic.

Diamagnetism is a common property to all substances with typical values of susceptibil-
ity in the range jcj > 10 # 10 °. These materials are able to produce a ux of magnetic

eld opposed to the external one, so the vectors magnetization and magnetic eld are in op-
posite direction. All diamagnetic substances are characterized by a susceptibility which is
independent of temperature [44, 46].

Paramagnetism is a property of all materials with a susceptibility ¢ 710 2 10 ° and
with intrinsic magnetic moments, which tend to orientate generating a magnetization in the
same direction with the magnetic eld [44] [45]. In contrast to diamagnetic materials, in
paramagnetic materials c is dependent on temperature [44), 46].

In the following sections (Sec.[I.1.T]and Sec.[1.1.2)), we will focus on the dependence of
susceptibility by temperature in paramagnetic systems.

1.1.1 Curie’s susceptibility

Let us suppose to have a paramagnetic system, that is a dilute ensemble of unpaired spin,
and to want to evaluate the magnetic susceptibility of such system. Consider the simple
case of a system of free electrons with mass m and charge e. According to the Wigner-
Eckart theorem, it is possible to associate to the magnetic moment m of an electron, the total
angular momentum J by the relationship [47]:
Jejej}

m=
2m

J (1.4)

where } is Planck constant that is } =h=2p = (1=2p) 6:626 10 3* Js, ge is splitting spec-
troscopic factor, which is approximately 2.00232 for a free electron, and the factor b =
jej}=2m=9:27401 10 2* J/T is called Bohr magneton. The energy associated to each mag-
netic moment m in presence of a magnetic eld B is:

Ei= m; B (1.5)
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Expressing m in terms of total angular momentum J, and considering magnetic eld
along a xed direction B = B,z, the Eq.[L5]is:

Ei = gebeJiB; = gebemiB; (1.6)

where m; is the magnetic quantum number which range in unit increments from -J to +J,
giving 2J+1 possible components along an arbitrary direction.

At xed temperature T, the probability p;j to nd a magnetic dipole with energy E;, ac-
cording to Boltzmann statistics, is:

exp( Ej=kT)
i = 1.7
P T e BT .
The component along the z-axis of magnetization M, de ned as[L.1} is:
- bem; ex bem;B,=kT
M, = m,_:]] gebemiexp( gebemiB,=kT) (1.8)
mi= 1EXP( gebemiB,=kT)

By expansion of the exponential functions and taking into account only the rst terms,
the magnetization is [46), 48]
M; = NgebeJB;(X) (1.9)

where N is the number of intrinsic magnetic moments per unit volume possessed by the
material and B;(x) is the Brillouin function of the variable x, whose expressions are reported
in the following:

_(@I+1)  (a+1x 1 X
By(x) = X coth 2] 2] cochJ (1.10)
X = gebedB,=kT (1.11)

Forx 1, thatis satis ed at suf ciently high temperatures, it is possible to expand the
hyperbolic cotangents, obtaining the following result [48]:

_ Ngib2J( +1)B,
N 3kT

Starting from Eq.[1.3] we can relate the magnetization to the magnetic susceptibility by
the following equation:

M, (1.12)

c= =" =2 (1.13)

In the last equation, it is used the relation B = mH valid for linear materials. The relation
obtained in Eq.[1.13]is known as the Curie’s law and it shows that the susceptibility has an
inversely proportional dependence on the temperature in a dilute paramagnetic spins system.
Therefore, the temperature tends as much as possible to prevent the alignment of magnetic
dipoles to the magnetic eld. C is called Curie constant and its expression is [46)} 48]:

_ mNgZb2J(J + 1)
3k

C (1.14)
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1.1.2 Bleaney-Bowers susceptibility

Let us consider now a system of magnetic dipole moments close enough to each other to
be impossible to neglect their mutual interaction. This is the circumstance of magnetic cen-
ters in many real systems containing, for example, dinuclear metal complexes, that means
diluted ensemble of magnetic moments of interacting pairs [46, 49]. Magnetic properties
of such systems are stemming from a magnetic coupling, which is strictly related to the lo-
cal environment and to the geometry of interacting centers [45, 46| 47, 149, 50]. In many
cases, transition metal ions and, consequently, d-electron systems are involved in dinuclear
complex of interest. For such systems, the effect of crystal eld causes a degeneration of d
orbitals of the metal ions involved in the system and the orbital quenching of orbital moment
L (see Sec.[L.3) [51]. In addition, Jahn-Teller theorem is valid (see Sec.[1.3), according to
which the orbital degeneracy in nonlinear molecular systems never persists [45, 46 47, 50].
Thus it is lawful to consider the angular momentum J of magnetic dipoles due only to the
electronic spin momentum S (L = 0).

Let us consider a system with two identical magnetic moments with spin S;=S,=1/2
interacting between them in the same molecular entity. As it will demonstrate in following
paragraphs, the magnetic coupling between the two spins is principally due to the isotropic
components of the electron-exchange interaction (see Sec.[1.2.3). This interaction between
the two spins gives rise to a molecular spin singlet (S=0) and a molecular spin triplet (S=1).
Their energy gap is Es=g Es=1=Jp, in which Jp is the isotropic electron-exchange coupling
constant [46,49]. If Jo is positive, the ground state is that with S=1 and the coupling is called
ferromagnetic. On the contrary, if Jy is negative, the ground state is that with S=0 and the
coupling between the two spins is called antiferromagnetic.

The magnetic susceptibility of systems with two identical magnetic moments interacting
between them follows the Bleaney-Bowers law, reported in the following [52]:

o= 2Ngzbe
KT (3+exp( Jo=kT))

In general, the magnetic properties of a polynuclear complex are totally different from
the sum of the magnetic properties of each metal center surrounded by its nearest neighbors.
The Bleaney-Bowers law establishes a way to estimate the magnetic properties of a dinuclear
complex, obtaining a theoretical expression for the magnetic susceptibility of such a system
in function of the temperature and of the energy parameter Jg characterizing the interaction
between metal centers in the compound [49].

The antiferromagnetic coupling is the most common for complexes containing metal
dimers. Among them, the most studied is a dinuclear copper(I1) compound known as Cop-
per(I1) Acetate monohydrate, Cu,(CH3;COO), 2 H,0 [46] 47,149, 50, 52, 53]. The basic unit
of this compound is a dimer of Cu?* ions chelated by four carboxylate bridges, as shown in
Fig.[L.1]

The graph of magnetic susceptibility of Copper(ll) Acetate compound versus T is de-
scribed by Bleaney-Bowers law, as shown in Fig. (1.2). The coupling constant for this sys-

(1.15)
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Figure 1.1: Schematic representation of Copper(Il) Acetate monohydrate structure [50].

tem is estimated Jo ”-300 cm™ [52, 53, 54]. The magnetic susceptibility shows a maximum
at about T=270 K and it tends quickly to zero at about T=50 K. On the contrary, the decrease
of susceptibility is slower for T>300 K. This means that at low temperatures, only the dia-
magnetic ground state is thermally populated. The maximum value of c is a signature of

antiferromagnetic interaction [52, 53, 54].

A" = u"m
. "o"{ -o.w“
800} 4 "
f
J
o
!
600} o o
‘
]
[
F
* P
x 400} X 4
L= F
o 4
g 4
[+]
[
200 J o
!
]
)
l‘”

o 100 200 JOO 400
T (K)

Figure 1.2: Experimental and calculated magnetic susceptibilities of Copper(I1) Acetate monohydrate
[53].

A very interesting feature of this system, and of many others copper(ll) dinuclear com-
pounds, is that the exchange interaction is not obtained by a direct overlap of the electronic
wave functions of metal centers, but is due to super-exchange. In this case, the interaction
is favored by the delocalized wave functions of the organic ligands [43, 52], 53, 54]. In the
following chapters, we will study in deep this aspect (see in particular Sec. [2.2.1).



8 CHAPTER 1. THEORETICAL BACKGROUND
1.2 Electron Paramagnetic Resonance spectroscopy

The Electron Paramagnetic Resonance (EPR) spectroscopy investigates the interaction be-
tween electromagnetic radiation and electronic magnetic moment, related to the total angular
momentum (spin and orbital) of an electron, see Eq.[1.4] This technique is applicable to para-
magnetic systems such as:

Free radicals as some ions, atoms or molecules.

Point defects in solids, or localized imperfections created in the structure typically by
radiation.

lons of transition metals and rare earths in solids.
Systems with more than one unpaired electron, as triplet centers, bi-radicals and others.

The experimental technique involves the application of two magnetic elds. The rst
one is a static (or slowly varying) magnetic eld B, able to remove the degeneration of spin
energy levels of the ground state of the system, with an ensuing splitting of ~ 0:3 cm? for
magnetic elds of 300 mT. The second magnetic eld, By, is less intense with respect
to the rst, orthogonally oriented and oscillating at a microwave frequency. The resonance
is obtained when the energy hn of the oscillating magnetic eld equals the separation DU
between energy levels of the system under examination [45, 147, 48, 55].

1.2.1 The resonance phenomenon: Bloch Equations

The basis of an EPR experiment are contained in the phenomenological Bloch equations.
These equations describe the time dependence of the total spin magnetization vector M in
presence of static and oscillating magnetic elds externally applied [45, 147, 48].
Let us consider a systems of magnetic moments m in a static and homogeneous magnetic
eld B. The effect of the magnetic eld on each magnetic moment m is a mechanical moment
t giving by:
1dm

t=m B=— 1.16
ge dt (1.16)
where ge is the electronic gyromagnetic ratio, equal to  gebe=H [45] 47, /48].
Known the de nition of magnetization M (see Eq.[1.1), it is achieved:
dMm
~ _=0B M 1.17
dt Je (1.17)

The motion equation obtained from Eq. [1.17] describes a permanent precession of the
M vector around the B magnetic eld, with B = B,z, and with a frequency wg = eB,
named Larmor frequency [45, 147]. This kind of approach does not nd con rmation in
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the experimental data which, instead, indicate a relaxation mechanism of the magnetization
components. To consider this aspect, the Bloch equations take the form:

dM,  M,° M,
TR (1.18a)
dMy My

=0.BM, — 1.1
i =%BM (1.180)
dMy My
Tl geBMy . (1.18¢c)

From Bloch equations, it is possible to observe that the components My and My relax
with the same rate constant, which is the inverse of a new characteristic time t, called the
transverse relaxation time or spin-spin relaxation time. On the contrary, t; is the longi-
tudinal relaxation time or spin-lattice relaxation time, which characterizes the interactions
responsible for the variation of the M, component [45, |47].

In a real EPR experiment, a second magnetic eld, perpendicular to the rst and oscil-
lating, is introduced. In order to take this eld into account, let us consider now the total
magnetic eld as sum of static and oscillating magnetic elds, Byot = B + B4, with B = B,z
and B perpendicular to B and oscillating with w at the microwave frequency. Because M is
continuously precessing about B, it results more convenient to resolve the Bloch equation in
a rotating framework about z axis (azimuthal angle F) and with frequency w with the same
sense as that of B;. The components of M in this new coordinate frame are called Myg; My
and M; (the latter component is unaffected by the transformation). Then, the Bloch equations
in the rotating frame are:

dMZ Ileo MZ
= BiMyg + ———— 1.1
deF MxF
= M 1.1
it (ws  W)Myr 5 (1.19b)
dMm M
dgF = (W W)Myg +0eB1M; t—yF (1.19¢)
2

The steady-state solutions of Bloch equations in this rotating framework are [45, 147]:

1+(wg w)ty?

M, = M,° 1.20a
’ L1+ (W w)2t2 +0e2Bi 2t b ( )
B 2
Me = Mo %eBile Wt (1.20b)
1+(wg W)2t2 +02Bi°tity
Byt
MyE = M, JeS172 (1.20¢)

1+(ws  W)?tp% +0e?By %ty
For the geometry considered, a transverse component of the magnetization, which rotates
at the frequency of the rotating magnetic eld By, is obtained.
To each component of magnetization we can de ne a susceptibility with different physi-

cal properties.
M,°
c’= ko=~ (1.22)
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¢! = kg E (1.22)
B1
M
= kmy2E (1.23)
B1

c? is named static magnetic susceptibility, already introduced in previous paragraphs,
and c' and c” are called dynamic magnetic susceptibilities. Substituting the expressions of
Myr and Myg in Eq.[1.22]and Eq. [1.23] respectively, we obtain:

wg(Wg  W)t,2
cl=cf s(Ws_ W)tz : (1.24a)
1+(ws W)2t% +0e?Br1°thty
wgt
cl=cO B2 - (1.24b)
1+ (wg W)ty +0e?Bi°taty
1.0
0.8
0.6
0.4
0.2
0.0
-0.2} i
-0.4¢ '. ;"
0.6 | | | 1 1 1 1 1 L
-0 -8 -6 -4 -2 0 2 4 6 8 10
wa"“w
Wy

Figure 1.3: Pro les of the two dynamic magnetic susceptibilities, c? and c¥ versus the angular fre-
quency deviation [45].

The two dynamic susceptibilities ¢’ and c¥ are named dispersion and absorption curves,
respectively. As it is evident from the graph shown in Fig.[1.3] the absorption curve c” is a
lorentzian function, with a maximum at w = wg. The absorbed power P,(w) by the magnetic
system during the excitation of a magnetic eld then is [45]:

WWBBlztz
1+(Wg  W)2tp2+0e?Br %ty
From Eg. it is possible to observe that the absorbed power P;(w) is strongly re-
lated to ¢® which depends on the temperature in a paramagnetic system (see Sec. and

Pa(w) wB2c"=c° (1.25)
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[1.1.2). Furthermore, the absorbed power P;(w) depends on the experimental conditions. Its
lorentian shape has intensity proportional to B12 and linewidth proportional to 1=get5.
According to Eq. , for ge?B1%t1t, 1, the absorption is proportional to the square
of the microwave eld amplitude B;. This implies that more power is incident on the system,
the more it absorbs. In these conditions, the system works in linear regime.
Vice versa, if ge?B1%tit, 1, Pa(w) tends to a constant value on increasing Bj. In these
conditions, the system works in saturation regime.

1.2.2 Systems with one unpaired electron

The interaction between a magnetic dipole moment m and a magnetic eld B is described,
in quantum mechanics, by an Hamiltonian operator H , named Zeeman operator [45, 47,48,
55].

Hzeeman= m' B (1.26)

Let us consider a system with one unpaired electron characterized by total angular mo-
mentum J given only by the electronic spin angular momenta S. In these conditions, the
Zeeman Hamiltonian is:

Hzeeman = gebeBT S (1.27)

where ge and b are splitting spectroscopic factor and Bohr magneton, respectively, already
de ned in Sec. (L.1.1).

The eigenvalues of energy associated to Zeeman Hamiltonian take the form already seen
in Eq. , Em, = gebeBms, with mg eigenvalues of the spin operator S along the direction
of the magnetic eld B. The application of a static magnetic eld B induces a splitting of
energy levels, named Zeeman levels, of the ground state of the system. The second magnetic

eld B; allows transitions between couples of these levels, providing that the selection rule
Dms = 1issatis ed. In systems in which S=1/2, the values of S are ms= 1=2, and the
corresponding eigenvalues of energy are E -, = 1=2¢cb,B [45, 147, 48], 55].

The Zeeman levels of the system of S=1/2 in function of the magnetic eld B is reported
in Fig. . The energies U, and Uy, are related to the eigenvalues ms=+1=2 and ms= 1=2,
respectively. A transition between the two levels is observed when the resonance condition
0ebeBr = hn is satis ed for an appropriate magnetic eld value B, [45, 147, 48, 55].

Up to now, systems characterized by isolated magnetic dipole moments with total angular
moment J only due to spin angular moment S were considered. In real solid systems, a
paramagnetic center is not isolated but it is interacting with the surrounding atoms. In this
case, the magnetic moment associated with the spin of the unpaired electron is affected by
a local magnetic eld, as it contains not only the external static eld B but in general also
other local contributions Bjo.. The presence of a local magnetic eld usually results in a
measurable change in the spectroscopic splitting factor with respect to the value it assumes
for the free electron. In addition, for some paramagnetic centers the local magnetic eld Bjqc
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Figure 1.4: Diagram of the energy levels of an electronic system with spin S=1/2 as a function of the
magnetic eld B [45]].

varies with the relative orientation between B and the axes of symmetry of the paramagnetic
center.

For a detailed description of the interaction of a magnetic dipole moment with an envi-
ronment in a crystal, it is useful to consider a spin-orbit coupling which causes a mixing of
the pure-spin ground state with some excited states. This interaction implicates that the
ground state of the paramagnetic center is also characterized by a small amount of orbital
angular momentum L. This further interaction with respect to the Zeeman Hamiltonian is
the cause of the difference between the g factor of an isolated electron and an electron in a
matrix. In these latter cases, an anisotropic g factor is observed, which can be represented by
a 3x3 matrix. More precisely, if the effects due to spin-orbit interaction are considered up to
the second order, the Zeeman Hamiltonian for a spin S=1/2 can be written in the following
form [45, 147,148 55, 56]]:

2 3 2 3
h xx Oxy Oxz

g
HZeeman—beB g S=be By By B, ggyx Oyy gyzg QSyg (1.28)
Ox Ozy Oz S;

in which x, y and z are the axes of the laboratory frame of reference. The vector BT g can
be seen as an effective magnetic eld Bes¢ that, in general, does not have the same direction
as the external one:

Beft = e g7 g (1.29)
which module is:

Bert = (9=0e)B (1.30)

g is said effective spectroscopic splitting factor and it depends on relative orientation be-
tween the external magnetic eld B and the axes of symmetry of the paramagnetic center.
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Known the components of the g matrix with respect to any reference system, it can be diago-
nalized in order to determine its main values and their axes of symmetry of the paramagnetic
center to which it is associated [45, 47, 48, 55, 56].

In the case in which all three principal values of g coincide, the paramagnetic center has
spherical symmetry. If one of three values is different from the other two, it has an uniax-
ial symmetry, whereas if they are all different, the paramagnetic center has orthorhombic
symmetry [45].

1.2.3 Systems with two unpaired electrons

In addition to simple systems in which paramagnetic centers are single spins S=1/2, there are
more complicated in which it is necessary to consider the mutual interaction between these
centers. Some physical situations involving two unpaired electrons are organic and inorganic
molecules, point defects in crystals and many others. A particularly interesting case is the
material object of this Thesis, HKUST-1 MOF, in which two electron spins are localized on
the metal ions Cu?* of the paddle-wheel moiety.

Let us consider two spin S1 and Sy, with S;=S,=1/2. As it is known, their interaction
gives rise to four spin states. For a simpli ed description of such a system, it is very common
to take advantages from the coupled representation, because the system separates in energy
into a triplet state with S=1, three fold degenerate, and a singlet state with S=0 [45, |47]].

The effective spin Hamiltonian of the two interacting electrons contains two principal
terms, in addition to Zeeman Hamiltonian: the electron-electron dipole and the electron-
exchange interactions:

h L

1
H =gebeBT S+ST D S+Jg ESZ 2t (1.31)

The two contributions just introduced are discussed in detail in this section.

Let us consider rst the electron-exchange interaction. This quantum effect occurs when
the orbital wave functions of two interacting particles are partially overlapped [45, 147]. This
kind of interaction is described by the electron-exchange Hamiltonian Heych:

1.7
Hoen=5(S1 J Sp+5] J7 Syp) (132)

where Jisa 3 3 matrix which takes into account the Coulombian interaction between S;
and S», neglecting magnetic interaction. If we consider only the its isotropic part, Jg, the
expression of electron-exchange Hamiltonian becomes:

Hexeh = JOSI S, (1.33)

with Jg named exchange integral which expression is:

2
Jo=2hfa(1)F,(2)]

e QT (1:34)



14 CHAPTER 1. THEORETICAL BACKGROUND

In the Eq.[1.34} f5 and T, are orbital wave functions of the two spins, eg is the permittiv-
ity of the vacuum, and r is the inter-electron distance. From this expression, we can infer that
shorter is the distance r between the two spins, greater is the value of exchange integral. The
electron-exchange Hamiltonian reported in Eq. [1.33]is responsible of the energy separation
between the two states of singlet and triplet. In particular, the sign of Jg determines which
between singlet or triplet state lies as ground state, as already discussed in Sec.[1.1.2][45] 47].

The other important contribution is the electron-electron dipole interaction. This involves
magnetic dipole moments of the two electrons, and it represents the total energy associated
with the two magnetic moments immersed each in the magnetic eld produced by the other.
It is described by the following Hamiltonian operator [45] 47]:

m"ml m, 3(m] (mi n'
4p 3 r

To each magnetic dipole m, and m,, it is possible to associate the corresponding spin op-
erator S; and Sy, and because the two spins are coupled, it is more convenient to describe the
electron-electron dipole Hamiltonian in terms of S = S; + S,. Furthermore, we are assuming
that the spectroscopic spitting factors of the two electrons are isotropic, with g1 =g = g.
Using the angular-momentum commutation relations and the identity r? = x? +y? +z2, the
electron-electron dipole Hamiltonian is:

Hss(r) = (1.35)

h
_ Mo (gbe)® 1" 5 o 2 2 a2 2 anye?
Hss(r) = p o2 (re 3IX)S+(re 3y)Sy+(rc 3z )SZi (1.36)

3xy(SxSy +SySx)  3xz(SxS; +S;5¢)  3yz(5yS; +S,Sy)

Because all matrix elements connecting the triplet and singlet states are zero in Hgs(r),
one can switch from consideration of the full manifold to working separately with the triplet
and singlet parts. The corresponding dipolar energy for the subspace with S=0 is then zero.
For this reason, we can consider only the subspace with S=1 and express the electron-

electron dipole Hgs Hamiltonian in a simple matrix representation:
2D E D E D E3

r2_3x2 3y 2 3
M b igD " E D, E D IE Q&E ;
— Xy re 3y yz —
3xz 3yz r? 3z S
5 (5 5

(1.37)

The Hg; is often called electronic quadrupole spin Hamiltonian. Looking at the elements

of D matrix reported in Eq.[1.37] it is possible to infer that D is real and symmetric, and then
it can be diagonalized. Therefore, summing the diagonal element of D matrix reported in
Eq. we can nd that tr(D) = 0. Then, we can consider only its principal elements
Dyx;Dy and Dz. In this way, the expression of electronic quadrupole spin Hamiltonian of

Eq.[1.37]becomes:
Hss = DxS% + Dy S? + D752 (1.38)
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Let us now calculate now the eigenstates and eigenvalues of the complete Hamiltonian
related to the system in analysis:

H =gebeBT S+ST D S=gebeBT S+DxS% +DySZ+DzS3 (1.39)

It is worth to note that in the previous expression we have assumed isotropic g. This
approximation is necessary to reduce the degree of dif culty of the Hamiltonian system and
it is legitimate for many real interest systems [45], among which those studied in this Thesis.
To nd the eigenvalues of H it is very useful to use the eigenfunctions jMsi = j+11i;j0i and
J liofS; as abasis set. These are the eigenfunctions of H (Eq. inthe limitas B ¥ ¥,
because they are eigenfunctions of the Zeeman Hamiltonian but not of Hgs.

In absence of magnetic eld, the eigenvalues of H are:

8
%Ux = Dx
-Uz= Dz
Since the trace of D is zero, only two parameters suf ce:
8
<D =3=2D;
- (1.41)
-E= 1:2(Dx DY)
By convention, if D > 0, then E < 0.
The Hamiltonian operator for such systems is then:
1
H =gebeB"T S+D(S3 §SZ)+E(S>2< %) (1.42)

The values of D and E are not unique, but they are strongly related to the direction of
the magnetic eld [45]. If the symmetry of system is uniaxial then Dx = Dy and E = 0,
consequently. If E & 0, the system has rhombic symmetry. The level scheme for a system
with S = 1 in uniaxial symmetry (E = 0) and subjected to a magnetic eld B k Z is reported
in Fig.[1.5[45].

In the diagram, the two main transitions are also indicated, according to the selection
rules Dmg = 1. The eigenfunctions of H are linear combinations of the jMsi = j+1i;j0i
and j 1i, and the coef cients depend on the magnitude of B. In the limitas B ¥ 0, with B
parallel to the principal axis Z, the zero- eld triplet eigenfunctions are:

8
Sitxi=8,( 1i j+1i)
iTvi=65G 1i+j+1i) (1.43)
-jTzi=0
Conversely, when the eld B has much larger intensity of D=(gebe), then the off-diagonal

elements of the Hamiltonian matrix spin can be neglected and the states jM;si of S; are eigen-
states of the Hamiltonian [45].
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Figure 1.5: Diagram of the energy levels of a system with S=1 resulting from the coupling of two spin
S=1/2 in uniaxial symmetry (E=0), as a function of the magnetic eld B [45].

1.2.4 EPR line shapes

In the case in which the sample is in powder form, in a polycrystalline system or it is in an
amorphous solid, the EPR spectrum changes signi cantly with respect to the case of a single
crystal [45]147,148,55]. Each paramagnetic center has similar properties to those that it would
have in a single crystal, however, into a powder, the orientations of individual paramagnetic
centers into space are random.

Then, let us consider a system of paramagnetic centers with spin S=1/2 and with uniaxial
local symmetry. Let us call q the angle between B and the symmetry axis of the paramagnetic
center. The expression of g factor, depending only on two principal value, g and gy, is:

g =[g-%sing? + g, cosq?]*? (1.44)

Therefore, the resonance magnetic eld is:

hn
B=— =
" g(a)be

All angles between 0 and p are equiprobable, but the probability to nd a center with
orientation between q and q + dq is not constant but it varies according to the relation
P(g)dg = 1=2sinqdq, i.e. it has a maximum at ¢ = p=2 and a minimum at q = 0.

As it can be seen in Fig.[1.6] the number of paramagnetic centers with axis of symmetry
orthogonal to the direction of the eld is much greater than the number of centers with axis
parallel, as can be expected on the basis of simple geometrical considerations. The EPR
absorption line corresponding to the probability density function is shown in Fig. [L.7)a).

To obtain the absorption curve from the probability density is necessary to make a con-
volution of the latter with the form of a single center line. In general, each paramagnetic
center has an absorption line which can be represented by a Gaussian shape, Lorentzian or

E—Z[g?zsinq2+gk2 cosq?] 1 (1.45)
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Figure 1.6: Density of probability of paramagnetic centers with uniaxial symmetry versus magnetic

eld B [45].
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Figure 1.7: (a) EPR absorption line shape for a paramagnetic center in uniaxial symmetry. (b) First
derivative of the absorption curve [45].

a combinations of the two, depending on the type of interactions to which the paramagnetic
center is subject [45, 147,148, 55].

For instrumental reasons, the EPR spectrum does not reproduces the absorption curve of
a paramagnetic center, but its  rst derivative with respect to the magnetic eld B. In the case
of paramagnetic centers with uniaxial symmetry, the rst derivative of the absorption curve
is shown in Fig.[1.7(b). In this gure, the main values of g factor are also highlighted, g- and
0k, Which are obtained from the elds and B~ and By, respectively, by applying the resonance
condition g = 2. These eld values are determined experimentally from the position of

Bbe
isolated peak and from the zero crossing position in the EPR spectrum, respectively, as shown

in Fig. [1.7(b) [45, 48].

Let us suppose now to have a system of paramagnetic centers with S=1, originating by
coupling two spin S=1/2, with uniaxial symmetry. As we have seen in the previous section,
the main features of the line shape of a triplet center is principally due to the electron-electron
dipole Hamiltonian, able to remove the degeneracy of triplet magnetic levels. The selection
rules allow to distinguish two transition related to Dmg = 1 that, for a system with E=0,
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give rise to two resonances, as shown in Fig.[1.8|
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Figure 1.8: (a) EPR absorption spectrum of a randomly oriented triplet system in uniaxial symmetry.
(b) First derivative of the absorption curve [45].

Wasserman et al. [57] determined the equations which described the position of each
peak of the two resonances observed in graph of Fig.[1.8p. These are [57, 58]:

2
By = 3—; Bo(Bo D) (1.46)
2 Je 2 0
BZ,= —= Bo(Bo+D" (1.47)
ng
Byu= % jB, D] (1.48)
0z
By = % (Bo+ D" (1.49)
Z

where By = hn=gebe and D' = D=g¢be.

Sometimes, some peaks in the EPR spectrum are barely detectable because broaden-
ing mechanisms due to anisotropies of the system. More often, in the EPR spectrum of a
randomly orientated triplet center is evident a line, observed at low elds values (g 4),
attributed to the forbidden transition Dms = 2. The EPR spectrum of an organic molecule,
reported in Fig. (1.9} shows all the transitions discussed above [45].

1.2.5 Isotropic hyper ne interaction

A lot of paramagnetic systems of interest involve an unpaired electron paramagnetic center
located near atoms with non-zero nuclear spin moment. In this situation, an interaction is es-
tablished, described by the hyper ne Hamiltonian. The spin Hamiltonian of a paramagnetic
system with spin S=1/2, including the most relevant terms of the hyper ne interaction takes
the form [45] 47,48, 55]:

H =beBT g S+ST A I (1.50)
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Figure 1.9: (a) EPR absorption spectrum in X-band, acquired at T = 77 K of a solution of di-anion
of 1,3,5-triphenylbenzene in methyltetrahydrofuran [45].

The rst term in Eq. [1.50] contains electron Zeeman Hamiltonian, whereas the second
term describes the hyper ne interaction of the unpaired electron with n magnetic nuclei. In
particular, 1 is the magnetic nucleus moment and A is the tensor that takes into account both
of the isotropic contribution arising from the Fermi contact and the anisotropic contribu-
tion of dipolar interaction between the electron and the magnetic nucleus [45, 147, 48, 55].

For paramagnetic centers with axial symmetry, with the principal axis of g and A parallel
to each other, in the case where the term of hyper ne interaction is small compared to the
contribution Zeeman Hamiltonian, the system eigenvalues can be obtained by applying the
perturbation theory to the rst order, obtaining Em, = get beBms + Agfmsm; where m; are
the eigenvalues of the | component in the direction of the eld B.

m
+3/2
+ 142
-2
-3/2

AE = hy,,
-3/2
-1/2

+1/2

+ 32

Figure 1.10: Electronic Zeeman and hyper ne interaction of Cu®* ion with S = 1=2 and I°“ = 3=2.
The blue lines mark the allowed EPR transitions [59].

In this way, the energy levels obtained by Zeeman and spin-orbit interactions, are further
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separated into (21+1) equispaced levels due to hyper ne interaction. The possible transitions
between these levels in a typical experiment electron paramagnetic resonance are subject to
the selection rules Dmg= 1 and Dm; =0 [45] 147, 148 55]].

The interest towards this interaction if driven by the fact that a Cu®* ion (3d%, S=1/2)
have two isotopes, 83Cu and 8°Cu with the same nuclear spin (1°Y=3/2). According to the
selection rules for EPR transitions, 21°U+1=4 lines are expected in the EPR spectrum for both
isotopes, as shown in Fig.[1.10] However, the two quartets of lines are often barely resolved
[43,159].

1.3 Magnetic properties of 3d transition metals

To investigate the magnetic properties of the principal crystalline material object of this
Thesis, the MOF HKUST-1, it is important to know the effect of a crystalline environment
on 3d transition metal ions. As already mentioned, the metal group of which it is constituted
is a dimer of Cu?* 3d transition ions. These properties differ signi cantly from those of free
d" ions.

Table 1.1: Ground-State properties of Free d" ions. Adapted from [45]).

Number nof d Electrons S L® J®  Orbital Degeneracy Examples (3d")
1 12 2 32 5 Sc2t, Ti%t, crot
2 1 3 2 7 TiZ*, cr*t
3 32 3 312 7 Ti*, Cré*, Mn**
4 2 2 0 5 Cr2*, Mn®*, Fe**
5 52 0 5/2 1 Cr*, Mn?*, Fe3*, Co**
6 2 2 4 5 Mn*, Fe?*, Co®*
7 32 3 92 7 Fe*, Co?*, Ni®*
8 1 3 4 7 Fe® Co*, Ni%*, Cu®*
9 12 2 52 5 Ni*, Cu®

#Value pertain to the Ground-State

Generally, the free-ion energy is (close to) orbitally degenerate (2L+1, see in Table[1.1).
The largest non electrostatic term in the Hamiltonian of a free atom is the spin-orbit in-
teraction, arising from the Zeeman interaction of the electron spin with the magnetic eld
produced motion of the nuclear charge relative to the electron [48]. The presence of ligands
around the metal ion ensures that the orbital degeneracy is removed by the electric elds,
known as crystal eld, arising from ligands themselves [45]. In crystal eld theory, the
neighbor orbitals are idealized as negative point charges; an improvement on this approx-
imation is ligand eld theory which is essentially an extension of molecular orbital theory
that focuses on the role of the d-orbitals on the central ion and their overlap with orbitals on
surrounding ions (ligands).
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The size and nature of crystal eld effects depend crucially on the symmetry of the local
environment [51]. The octahedral eld, for instance, is a typical arrangement of the ligands,
in which four negative charges are in planar con guration and two are in axial position with
respect to the plane, all at the same distances from the metal ion. The presence of this ligand

eld causes a splitting of the ve d-orbitals, removing partially the degeneration, as pictured
in Fig. (1.11). In particular, for symmetrical reasons, the dyy, dy; and dy; are an energetically
equivalent set, toq levels; the same considerations are valid for the eq levels d,. 2 and d,.
[45] 48] 51]).
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of the d orbitals in in octahedral

spherical crystal field crystal field

Figure 1.11: Splitting and degeneracy of orbital levels of d° ions in octahedral eld. Adapted from
[51].

The effects of the crystal eld on the metal transition ions dominate that of spin-orbit,
and consequently, these systems choose a ground state with L=0 [51]. This effect is known
as orbital quenching. A semiclassical interpretation of orbital quenching is that the orbital
angular momentum processes in the crystal eld, so that its magnitude is unchanged but its
components all average to zero.

Actually, the orbital angular momentum may not be completely quenched because the
spin-orbit interaction is not completely negligible, even in the 3d ions. This interaction can
be included as a perturbation in the Hamiltonian describing the system and, in this case, it can
mix in states with non-zero angular momentum, as we have already describing in Sec.[1.2.2]
[51].

Another important aspect to consider is the Jahn-Teller theorem, that states that orbital
degeneracy in nonlinear molecular systems never persists [60]. The lowest total energy is
achieved by a spontaneous distortion to a nuclear con guration of reduced symmetry, leaving
a state with only Kramers degeneracy (effective S=1/2). In fact, in 1937, Hermann Jahn
and Edward Teller used symmetry arguments to demonstrate that a non-linear system in a
degenerate energy state cannot be stable [60]. Then, the system will spontaneously distort
itself in some way so that its energy state will split, in such a way as to remove its degeneracy.
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Such a distortion always has the effect of lowering the energy of the system to a small extent,
and is thus energetically favorable.

Let us take as example a Cu?* complex. Its geometrical arrangement in a ligand eld is
typically octahedral, with four planar ligand L and two axial, as shown in the lower part of the
scheme reported in Fig.[1.12] The distribution of energy levels of the octahedral geometry is
in two levels, the lower with a triple degeneration and the upper with a double degeneration.
The Jahn-Teller effect on such a system exhibits generally a trans-elongation along one L-
Cu-L axis. Less frequently, one can observes a compression along one L-Cu-L axis. In both
the situations, indicated as tetragonal distortions of the octahedral ligand eld, the net effect
is to lower the energies of two electrons in the eq subshell, whereas raising the energy of only
one, as pictured in the scheme of Fig. [1.12] [61].

N _
Dbig {E::Ixzyz} —ﬂ—' %4_99 """"" ‘1-}— a1q(d;2)
(ﬁﬁ ST Q*ﬁij’;‘i 40
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L L L
Compressed Octahedral Elongated
Ddh oh 'Dtlh

Figure 1.12: Jahn-Teller tetragonal distortions on a Cu?* complex in octahedral arrangement. The
splittings between energy levels are indicative only, and are not drawn to scale [61]].
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Figure 1.13: Four-, ve-coordination geometry of Copper(Il) not Jahn-Teller active. The splittings
between energy levels are indicative only, and are not drawn to scale [[61].

In contrast, ve-coordinate and square planar copper(ll) complexes are not Jahn-Teller
active, because the singly occupied d-orbital in those geometries is not degenerate Fig. [1.13|
In particular, the most common coordination geometry for copper(ll) complexes is square-
pyramidal, in which the apical Cu-L bond is longer than the basal ones by up to 0.5 A. The
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lengthened apical bond is not a Jahn-Teller elongation in this case. Rather, it is simply a
consequence of the double electron occupancy of the antibonding a; (d,2) orbital, and the
single occupancy of by (d,. y2), leading to increased antibonding electron density along the
apical Cu-L axis [61].

1.4 X-ray Absorption Fine Structure spectroscopy

X-ray Absorption Fine Structure (XAFS) spectroscopy is a versatile tool to investigate the
local environment of a selected atomic species, providing information about the chemical
state, the coordination geometry and the distance with the neighbor atoms. It is an experi-
mental technique applicable not only to crystalline but also to amorphous materials.

XAFS spectroscopy describes the absorption phenomenon of an atom subjected to a X-
rays photons beam [62} 63, 164, 65, [66, 67, 68]. According to the Beer’s law, the transmitted
intensity | by a sample of thickness t, hit by incident X-rays with intensity g, is:

I = lpexp( mt) (1.51)

where m is the linear absorption coef cient, strongly dependent on X-rays energy as E 3
and on the atomic number as Z#, and it is proportional to r=A, with r is the sample density
and A is the atomic mass [62, 63, 64, 65, |66, 67, 68].

rz*

AET (1.52)

m

As a result of the absorption process of high energetic incident X-rays beam, a photo-
electron is promoted to the continuum from an inner atomic orbital, as sketched in Fig. [1.14]

Continuum

photo-electron A

— s — M
1

Energy

Figure 1.14: The absorption of an X-ray induces a transition of a core-level electron in the continuum
[64].

Then, if the energy of the incident X-ray equals the binding energy of a core-level elec-
tron, there is a sharp rise in absorption pro le, known as absorption edge. In Fig.[1.15, for
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example, the three principal transition of a Pb absorber atom are reported. Each edge repre-
sents a different core-electron binding energy and, according to a customary classi cation, K
edge is related to the quantum number n =1, L to n =2, M to n = 3 and so forth. It is clear
that the binding energies increase with increasing atomic number [62, 63, 64, 65, 66, 67, 68].
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Figure 1.15: X-ray absorption spectrum for Pb atom, in which are shown the three major transitions
related to M, L and K edges [69].

The absorption intensity as a function of energy, near and at energies just above these
absorption edges, is a XAFS measurement. A typical X-rays absorption spectrum consists
of two regions, the X-ray Absorption Near-Edge Structure (XANES) and the Extended X-ray
Absorption Fine Structure (EXAFS), as evident in Fig. [1.16] [62, 63, [64, 69 (70, [71, [72, [73,
74, [75]. The border between the two portions of an X-ray absorption spectrum is arbitrary.
Typically, XANES region extends within 50 eV around the edge, whereas EXAFS from 50
eV even up to 1000 eV above the edge.

XANES EXAFS

Absorption

I

Energy (e V)

Figure 1.16: Representative normalized X-ray absorption spectrum in which XANES and EXAFS
regions are shown [69].

The energy of an absorption edge therefore corresponds to the core-level energy, which
is characteristic for each element, making XANES an element-selective technique. Fur-
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thermore, the analysis of XANES gives information about oxidation state and coordination
geometry of the absorber atom [62} 63, [64].

The physical origin of the EXAFS region is the scattering of the ejected photo-electron.
Indeed, the photoelectron wave is back-scattered from the neighbors of the absorber atom,
leading to the interference phenomena. The alternation of constructive and destructive inter-
ference produces a sinusoidal oscillation of the absorption curve. These modulations provide
information about the structure, atomic number, structural disorder, and thermal motions of
neighboring atoms.

For a monoatomic gas with no neighboring atoms, a photoelectron ejected by absorption
of an X-ray photon travels as a spherical wave with a wavelength 1 = 2p=k, where [62, 63,
64]: r

2m(E Ep)
.
Here m is the electron mass, E is the incident photon energy and Eg is the threshold energy
of that particular absorption edge.
The EXAFS ne-structure function c(E) is [62, 63, [64]:

m(E) mo(E)
Dmo(E)

k= (1.53)

c(E)= (1.54)
where m(E) is the measured absorption coef cient, my(E) is a smooth background function
representing the absorption of an isolated atom, and Dmg(E) is the measured jump in the
absorption m(E) at the threshold energy Eg [62, 63| [64]. In order to relate the EXAFS ne-
structure function to structural parameters, it is necessary to convert the energy E into the
photoelectron wavevector k via Eq.[1.53]
In this way it, the theoretical EXAFS function c (k) into k space and in the single scatter-
ing approximation is [62}, 63, 164, [69]:
N;fi(k) . 2R;
c(k)=Sp> —Zsin[2kRj+dj(k)]exp .~ exp( 2s;%k? 1.55
where j is referred to the j th coordination shell, Nj indicates the number of neighboring
atoms with a distance R from the absorber atom. fj(k) is the scattering amplitude, the
sinusoidal term contains the total phase shift d (k) experienced by the photoelectron, the term

exp % is due to inelastic losses in the scattering process, the factor exp( 23j2k2), said

Debye-Waller factor, that takes into account the effects of thermal and structural disorder. So?
is the amplitude reduction factor [62, 63, 64].

From the expression of EXAFS function in Eq. [L.55] it is possible to infer that because
of the I (k) term and the R? term, EXAFS is seen to be an inherently local probe, not able to
see much further than 5 or so Angstroms from the absorbing atom. Furthermore, the EXAFS
oscilations consist of different frequencies that correspond to the different distances for each
coordination shell. This will lead us to use Fourier transforms in the analysis. In Eq.[1.55
the backscattering amplitude and phase are assumed to depend only on the identity of the



26 CHAPTER 1. THEORETICAL BACKGROUND

absorber and the scatterer. This derives from the so-called plane wave approximation, in
which the curvature in the photoelectron wave is neglected and the photoelectron is treated
as a plane wave [62,69].

1.5 Raman scattering

Raman scattering is a very useful technique to unveil vibrational properties of a molecule
subjected to electromagnetic radiation, typically laser beam in UV-visible region. Raman
effect consists in the inelastic diffusion of photons at frequencies higher and lower than
the incident one. The frequency difference between the incident photon and those released
inelastically corresponds to the vibrational frequency of the diffusing molecule. In this way,
it is possible to acquire information on chemical composition and molecular structure of a
sample [76, [77].

According to a classical description, after the irradiation of a polarizable molecule with
an oscillating electric eld, the charges start oscillating. The nuclear displacement due to
molecular vibration could induce a change of the polarizability of the molecule, which af-
fects the electric dipole moment. As a consequence of the light irradiation and nuclear vi-
bration, the light diffused by the charge oscillations shows three distinct contributions. The
most signi cant in terms of intensity is called Rayleigh scattering and it represents an elastic
scattering of the incident beam (ng). The other two, called Raman scattering, are weaker and
with frequencies ng Ny, Where ny;, indicates the vibrational frequency of the molecule.
Signals with ng  nyjp and ng + nyjp frequencies are called Stokes and anti-Stokes, respec-
tively.

Rayleigh

-459

Stokes anti-Stokes

Intensity

+218
+314
+459

0

Raman shift (cm™1)

Figure 1.17: Raman spectrum of a molecule of CCl, [[76].

According to the classical theory, the ratio I'S‘#kes should be less than 1, whereas it is

anti  Stokes
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observed experimentally that the Stokes lines are more intense than the anti-Stokes lines, as
shown for example in Fig. 2.17|[76, [77].

In a quantum-mechanical description of the Raman scattering this inconsistency is elim-
inated. According to a simpli ed treatment, we can refer to a diagram of the energy levels of
a molecular system as shown in Fig.[1.18]

The initial state n = 0 and the nal state n = 1 are connected through virtual intermediate
states named m and m’. If the system undergoes a transition from the ground electronic state,
g, and fundamental vibrational level, n = 0, to a virtual level m, then it quickly decays from
the virtual level m to the electronic level g (n = 0). Then, the emitted radiation has the same
frequency ng of the incident radiation (Rayleigh line). The system can also decay rapidly
from the level m to the rst vibrational level n = 1 of the ground electronic level g, and the
emitted radiation has frequency np  nyj, (Stokes Raman line).

. gs‘i’"

1 ‘f r g ¥ V==0
Anti-Stokes Rayleigh Stokes

Figure 1.18: Diagram of energy levels and transitions between molecular states induced by Raman
effect. The wavy arrows represent the photons, the dashed lines the virtual states and solid lines the
real vibrational states [[76].

The other possibility is that the system undergoes a transition from the ground electronic
state, g, and excited vibrational level, n = 1 to a virtual level m’. The decay of the system
from m' to the electronic level g (n = 0) induces the emission of radiation with frequency
Np + Nyjp (Anti-Stokes Raman line).

The quantum-mechanical approach solves also the problem of the ratio ,an'tf“’% accord-
ing to the Boltzmann distribution. At thermal equilibrium, the population of the vibrational
state n = 0 prevails compared to that in the vibrational state n = 1 of the ground electronic
level, g. For this reason, it is expected that the Stokes process, involving as starting state

n = 0, is most probable than the anti-Stokes process [76), [77].
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1.6 X-ray Diffraction

Another important coherent elastic scattering phenomenon underlies the X-ray Diffraction
(XRD), which is a direct evidence of the atomic arrangement with long range periodicity of
a crystal. Indeed, this technique is a convenient tool for qualitative and quantitative analysis
of crystalline materials and also of microcrystalline powders [78].

Determinations of the three-dimensional structure of compounds are most easily achieved
by single-crystal x-ray diffraction. Single-crystal x-ray diffraction analysis differs from other
diffraction methods because the measurement of the diffraction pattern is generated from
an oriented single-crystal sample. The diffraction pattern produced depends on the atoms
present, their locations, and thermal motion. X-ray powder diffraction (PXRD) is an alter-
native analysis method that derives its name from the fact the specimen is in the form of a
microcrystalline powder. In particular, PXRD is more widespread and it allows to quantify
the various components of a solid sample, and also to obtain information on the crystalline
structure and the crystallite size [78].

A beam of incident X-rays can be diffracted into many speci c directions by the atoms of
the crystalline structure. By measuring the angles and intensities of these diffracted beams,
it is possible to determine mean positions of the atoms in the crystal, chemical bonds, their
disorder, and various other information. The intensity of diffracted X-rays depends not only
on the atomic arrangement but also the atomic species.

Let us consider a crystal as made out of parallel planes of atoms, spaced a distance d. A
regular array of scatterer atoms produces a regular array of spherical waves. Although these
waves cancel one another out in most directions through destructive interference, they add
constructively in a few speci c directions, as shown in Fig. [1.19][78].

Figure 1.19: Schematic diagram of diffraction of X-rays by two planes of a crystal (Bragg condition)
[78]

The path difference between the two X-rays is just 2dsin(q), where q is the angle of
incidence. For X-rays interfering constructively, this path difference must be an integral
number of wavelengths 1 of the incident beam, leading to the Bragg condition:

nl =2dsin(q) (1.56)

n is the order of re ection. I is typically the same order of magnitude (1-100 A) as the
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spacing d between planes in the crystal [78]. The result of an XRD measurement is the
diffraction pattern. An example is reported in Fig.[2.19

Intensity

20 40 60 80 100
20 [degree]

Figure 1.20: Diffraction pattern of a metal sample. Adapted from [78].

The position of the scattering angle 2q corresponds to a particular plane of crystalline
matrix. Furthermore, peak intensity depends on the intensity scattered by individual atoms.
Peak width is determined by several factors, as natural line width of X-ray emission, in-
strumental effects (polychromatic I, focusing, detector), and specimen effects due to the
crystallite size crystallite strain [78].

1.7 Brunauer-Emmett-Teller theory

The Brunauer-Emmett-Teller (BET) method is based on adsorption of gas on a surface. The
amount of gas adsorbed at a given pressure allows to determine the surface area of a porous
material. The BET theory applies to systems of multilayers adsorption by a method that is
a generalization of Langmuir’s treatment of the monolayer [79]. Usually, probing gases that
do not chemically react with material surfaces as adsorbates are used to quantify speci ¢
surface area. Nitrogen is the most commonly employed gaseous adsorbate used for surface
probing by BET methods. In general, to favor the absorption of an adsorbate, the temperature
is lowered near to condensation point of the adsorbate gas. For this reason, a standard BET
analysis is conducted at the boiling temperature of N, (T=77 K) [80].

Starting from the Langmuir theory, which is a theory for monolayer molecular adsorp-
tion, the BET theory extends the molecular adsorption to multilayers. Under the assumptions
that there is no interaction between each adsorption layer and the Langmuir theory can be
applied to each layer, Brunauer, Emmett and Teller obtained the following BET equations
[80, 81]:

p 1 + c 1p

V(o P)  VmC  VmC Po

(1.57)
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where, p and po are the equilibrium and the saturation pressure of adsorbates at the tem-
perature of adsorption, v is the adsorbed gas quantity (for example, in volume units), and
Vm is the monolayer adsorbed gas quantity. ¢ = exp(%) is called BET constant, de ned
starting from E that is the heat of adsorption for the rst layer, and E, is that for the second
and higher layers.

The plot of ——2— against p% gives a straight line, whose intercept is ch and whose

v(po p)
slope is &%, as shown in Fig. [2.20| [80].

VmC’

T 4

| Vigana €

Figure 1.21: BET plot. Adapted from [81]].

Known intercept and slope from a linear t, it is possible to obtain the value of v, mono-
layer adsorbed gas quantity, required to calculate the total surface area S;:

VmNA
M

S = (1.58)

where N is Avogadro’s number, A is the cross-sectional adsorbate area and M is the adsorbate
molecular weight. The speci c surface area can be determined by dividing S; by the sample
weight [81].

1.8 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a useful technique for achieving high resolution
images of surfaces. It involves scanning a beam of electrons over a sample and detecting the
signals which are emitted [82].
The scanning electron microscope is often the rst analytical instrument used when a
quick look at a material is required and the light microscope no longer provides adequate
resolution. In the SEM, an electron beam is focused into a ne probe and subsequently raster
scanned over a small rectangular area. As the beam interacts with the sample, it creates
various signals (secondary electrons, internal currents, photon emission, etc.), all of which
can be appropriately detected. These signals are highly localized to the area directly under
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the beam. By using these signals to modulate the brightness of a cathode ray tube, which
is raster scanned in synchronism with the electron beam, an image is formed on the screen.
This image is highly magni ed and usually has the look of a traditional microscopic image
but with a much greater depth of eld [83]. A modern SEM provides an image resolution
typically between 1 and 10 nm [82]. The depth sampled varies from a few nm to a few pm,
depending upon the accelerating voltage and the mode of analysis [83].

The principle images produced in the SEM are of three types: secondary electron images,
backscattered electron images, and elemental X-ray maps. Secondary and backscattered
electrons are conventionally separated according to their energies. They are produced by
different mechanisms, as pictured in Fig. [2.21][82, 83].

Electron
beam

Solid surface

.(b

(@)

Backscattered Secondary
electrons (B. E.) electrons (5. E.)

Figure 1.22: Electron beams analyzed by a scanning electron microscope. Adapted from [83].

When a high-energy primary electron interacts with an atom, it undergoes either inelastic
scattering with atomic electrons or elastic scattering with the atomic nucleus. In an inelastic
collision with an electron, some amount of energy is transferred to the other electrons. If the
energy transferred is very small, the emitted electron will probably not have enough energy
to exit the surface. If the energy transferred exceeds the work function of the material, the
emitted electron can exit the solid. When the energy of the emitted electron is less than about
50 eV, by convention it is referred to as a secondary electron (SE), or simply a secondary.
Most of the emitted secondaries are produced within the rst few nm of the surface. Sec-
ondaries produced much deeper in the material suffer additional inelastic collisions, which
lower their energy and trap them in the interior of the solid [83]. Higher energy electrons
are primary electrons that were scattered without loss of kinetic energy (i.e., elastically) by
the nucleus of an atom, although these collisions may occur after the primary electron has
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already lost some of its energy to inelastic scattering. Backscattered electrons (BSES) are
considered to be the electrons that exit the specimen with an energy greater then 50 eV, in-
cluding Auger electrons. However most BSEs have energies comparable to the energy of
the primary beam. The higher the atomic number of a material, the more likely it is that
backscattering will occur. Thus as a beam passes from a low-Z (atomic number) to a high-Z
area, the signal due to backscattering, and consequently the image brightness, will increase
[83].



Chapter 2

Metal-Organic Frameworks (MOFs)

This chapter is devoted to a description of the MOFs. In particular, an introduction on the
class is reported in Sec. 2.1, whereas a deep description of the state of the art of HKUST-
1 MOF is reported in Sec. 2.2 with particular attention to the effect of interaction of this
material with air moisture in Sec. [2.3] Finally, the properties of the HKUST-1 inside the
cavities of a mesoporous silica are reported in Sec.[2.4]

2.1 Introduction

At the end of the 1980s, a new class of porous compound with an inorganic-organic hy-
brid framework, called Metal-Organic Frameworks (MOFs) or Coordination Polymers (CPs)
[84, 185], had a considerable impact on the eld of porous materials. These materials are
characterized by connection of metal groups as nodes and organic ligands as linkers through
covalent metal-ligand bonds [3] 14, [84, [85]. From a classi cation point of view, not all the
researchers agree on the equivalence between MOFs and CPs. Actually, it iscommonto nd
in literature a clear distinction between these two categories of materials, meaning that the

rst is characterized by strong covalent bond, whereas the latter is generally identi ed by
weaker bonds and lower stability [86].

During the years, a huge variety of MOFs was synthesized. According to a recent re-
search, the Cambridge Structural Database (CSD) has collected an increasing number of
MOF crystal structures from 1972 to today, up to reaching about 70,000 materials [1].

The possibility to choose the pore size and geometry, their high void fraction and an
ultrahigh surface area make MOF very special compounds. Typical values of surface area
are comprised in 103 10* m?/g, overcoming far that of zeolites and mesoporous materials
[1, 13,4, 5,6, 39, 87, 188, 189].

All these properties are tailored on the speci c application eld of the speci ¢ MOF. The
result of in nite combinations of fundamental components is a huge variety of crystalline
hybrid frameworks in one-, two- and three dimensions Fig. [2.2, The great part of them
are characterized by a permanent porosity, veri able by measurements of inert gases, as

33
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Figure 2.1: Growth of number of structure reported in Cambridge Structural Database (CSD) from
1972 until today, and in particular of MOFs, adapted from [[1].

nitrogen, isotherms [4]. As a consequence, structural, chemical, and physical properties of
these materials are strictly related to the position of each element in the matrix, to geometry
and the coordination local environment of the metal groups and to the length and chemical
properties of the ligands. This is the concept on which the reticular synthesis is based,
which concerns the synthesis of robust materials with predesigned building blocks, extended
structures, and properties [7]].

A e . o
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Figure 2.2: Diagram of MOF structures in one-, two- and three dimensions. Metal ions are shown in
black, whereas organic linkers in gray [90].

A large variety of metal atoms (alkaline, alkaline-earth, transition and rare-earth) in their
stable oxidation states, was successfully used in the synthesis of MOFs. Depending on the
speci ¢ metal and its oxidation state, coordination numbers can range from 2 to 7 giving
raise to geometries, which can be linear, T- or Y-shaped, tetrahedral, square-planar, square-
pyramidal, trigonal prismatic, pentagonal bipyramidal and the correspondent distorted forms
[2,13].

In order to connect metal groups forming a rigid and stable crystalline structure, aromatic
molecules are usually preferred. In a lot of examples, the most used are poly-carboxylates
aromatic molecules as 1,3,5-benzene tricarboxylate (1,3,5-BTC), bipyridines (BPy), 1,4-
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benzene dicarboxylate (1,4-BDC), and many others. The use of rigid carboxylates yielded
neutral networks, that are shown to retain crystallinity during adsorption and desorption
of guest molecules. Furthermore, thermogravimetric analysis (TGA) on these compounds
demonstrated a decomposition temperatures in the range between 573 773 K, leaving an
impressive window of stability above the temperatures required for guest removal [3]. More-
over, the reasons of interest lie in the metal-carboxylate bonds: the size of the carboxylate
functionality permits bridging and/or chelation of metal cations to produce rigid, geomet-
rically de ned clusters. In general, depending on the connector and on its coordination
number, periodic chains, arrays and nets are obtainable. Thus the framework structure is
controlled by the number of bonds involving the bridging linker and the coordination num-
ber of the metal [2,13].

2.1.1 Structures

In order to classify the crystalline structures of MOFs, the researchers resorted to the concept
of secondary building units (SBUs). These were simple geometric gures representing the
inorganic clusters or coordination spheres that are linked together by the (typically linear) or-
ganic components to form the product framework [2, 3, 91]]. They represented a simple way
to understand the complicated three-dimensional structures of MOFs. Some typical exam-
ples of SBU for three different MOFs are reported in Fig.[2.3(a-c) in which the carboxylate
carbon atoms form a square, an octahedron and a trigonal prism, respectively [3].

Figure 2.3: Most common secondary building units (SBUs) occurring in carboxylate MOFs include
(a) the square paddle-wheel unit, (b) the octahedral basic zinc acetate cluster, and (c) the trig-
onal prismatic oxo-centered trimer. Adapted from [3]].

The paddle-wheel moiety is one of the most common SBU formed by metals and
carboxylates; two metal atoms are bridged in a syn-syn fashion by four carboxylates as in the
second SBU example of Fig.[2.4]

The square SBU is generated in situ by the combination of four carboxylates with two
cations such as Cu?*, Zn?*, Fe?*, Mo?*, Rh?*. In most examples, heteroatom containing
ligands are on the apical positions. A typical example of paddle-wheel complex is Copper(Il)
Acetate Hydrate, whose magnetic properties are discussed in Sec. [1.1.2] In this compound
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(c)

Figure 2.4: (a) Copper acetate paddle-wheel (Cu blue. O red, C black. (b) The same with blue CuOs
pyramids, which vertex O is from water molecule. (c) The square formed by the carboxylate carbon
atoms.

four acetate-anions are each coordinated as dimonodentate ligands to two copper (I1) ions
forming the D4n-symmetry structure having the shape of a paddle-wheel with four blades, in
axial position of which the molecules of water are coordinated [92, [93].

The occurrence of a structural periodic arrangement based on this SBU is strictly re-
lated to the linker fashion employed in connecting two SBUs. For instance if two SBUs are
connected by a 1,4 benzene-dicarboxylate (1,4-BDC) molecule, it is straightforward to note
that the squares individuated by the SBUs are related by simple translations (see structure
reported in Fig.[2.5(A)).

If linkers are distorted, a different structural organization will occur. Depending on the
bent in the plane of the original linker, different periodic organization of linked paddlewheels
will arise, as shown in Fig. [2.5(B-E) [94].

2.1.2 Applications

The reasons of interest towards MOFs lie in the wide range of applications in which they
were used. This possibility derives from the great versatility of the MOF structures, hav-
ing a large variety of microporous crystalline frameworks and physicochemical properties.
Furthermore, the tunability of pore sizes makes them particularly attractive for insertion of
species, including gases, liquids, molecules, also large molecules such as proteins. Some
of the application elds are selective gas adsorption, storage and separation [8} [9], catalysis
[11, 12 [13], drug delivery [95], chemical sensors [14], biomedical and biological [15, [16]
and so on.

In particular, the adsorption property plays a very important role for this class of ma-
terials. To establish the achievement of permanent porosity after guest removal, the mea-
surement of gas isotherms is indispensable [3]. The isotherm shapes, typically Type I
with little or no hysteresis, demonstrate that resilient microporous structures exist under
reversible physisorption of small molecules [3]. Usually, the measurement of nitrogen or
argon isotherms allows to calculate the apparent surface areas of these materials, typically
assuming Langmuir-type coverage. In Fig.[2.6/the N adsorption isotherm of some MOFs
are reported. As evident, plateaux in isotherms of the type shown in Fig.[2.6| are invariably
interpreted as corresponding to monolayer coverage.
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Figure 2.5: Schematic representation of ditopic organic links connected between two square paddle-
wheels (left). The corresponding default structures (right) expected to result from syntheses employing
organic links with the appropriate angles between two squares [94].

The decrease in fossil fuel reserves together with the need to reduce global reliance on
fossil fuels by the use of alternative technologies lead to consider MOFs the solution in this
eld, for their capacity to adsorb large amounts of strategic gases like Hy, CO,, CHg4, CO,
07, NOy, CyH; and so on within the cages [13,/96]. The mechanism of gas storage in MOF
is more ef cient with respect to empty gas bottles. In fact, the Iling of a conventional
gas cylinder is simply applying physical effects depending on the pVT-characteristic of the
gas under investigation. Considering MOF- lled gas cylinders, the above mentioned effect
is overlaid by an additional adsorption effect inside the MOF, contributing to an enhanced
volumetric storage capacity of these compounds [97]. For the moment, the main efforts
concentrate on H» [13,197, 98, 99, [100], CH4 [13,198, 199, [101] and CO, [98, 99, [102] with
however a striking difference between the rst and the others. Indeed, MOFs adsorb large
amounts of hydrogen only at 77 K; at room temperature, adsorption is negligible, at variance
to CH4 and CO, which exhibit interesting performances at 300 K and above. This low
temperature adsorption of H, prevented, for a long time, applications for its use in cars [96].

MOFs, owing to their well-de ned system of pores and cavities, together with their ther-
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Figure 2.6: Nitrogen sorption isotherms of some MOFs measured at T=77 K. These curves display
Type | behaviour, as expected for compounds with uniform micropores. [3].

mal and hydrothermal stability and the possibility of introducing a variety of active sites in
the walls, are extensively used in industry as shape-selective catalysts. Intuitively, due to
their peculiar features MOFs could be thought as a bridge between homogeneous and het-
erogeneous catalysis. MOFs catalytic potential was also compared to enzyme catalysis by
Lee et al. [11][12]. However, in spite of the outstanding textural properties and high metal
contents of MOFs, their use in catalysis was very limited up to now.

2.2 Carboxylate MOF HKUST-1

One of the most representative and interesting MOFs is HKUST-1, whose chemical formula
is Cuz(BTC),(H,0)3 [17]. It was synthesized for the rst time in 1999 using a solvothermal
synthesis in an ethanolwater mixture starting from Cu(NO3), and benzene 1,3,5-tricarboxylic
(BTC) acid, also named trimesic acid [17]. The resulting framework is a face-centered
cubic 3D structure which SBUs units are paddle-wheel moieties, constituted by a Cu?*
dimer chelated by four carboxylate bridges; each carboxylate group is part of a BTC linker
molecule [17]. This means that each Cu?* ion coordinates four oxygen atoms which lie in the
same basal plane [103]. Furthermore, a fth axial (out-of-plane) binding site on each Cu®*
ion is often occupied by the oxygen of a crystallization water molecule, easy removable by a
thermal treatment at about T=400 K in vacuum for a few hours [103]. A sketch of the SBU
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of HKUST-1 is reported in Fig. (a), whereas a representation of the porous network is
reported in Fig. 2.7] (b).

(@) (b)

Figure 2.7: (a) Schematic representation of paddle-wheel unit of HKUST-1 formed by bonding two
Cu®* ions with four benzene 1,3,5-tricarboxylate (BTC) linker molecules and with a water molecule
in out of plane position; (b) HKUST-1 framework in absence of water molecule adsorbed on Cu?*
ions. Adapted from [17].

The bigger cavities of HKUST-1 are square-shaped micropores about 9 A 9 A. The 3D
structure is completed by tetrahedral side pockets of about 5 A, which are connected to the
main channels by triangular windows of about 3.5 A in diameter, as shown in Fig. (b)
[17) 130} [104].

Its structural features make this material particularly interesting for a lot of applications.
First of all it is used for adsorption of small molecules and for gas storage (Ar, Hy, N, O,
CHy, CO», and so on) [22, 123, 24, 25| 26, 30, 104, (105} [106]. In energetic and environmen-
tal elds, HKUST-1 can be used for separation of carbon dioxide from hydrogen, methane,
nitrogen, and oxygen to purify these gases and to decrease the emission of greenhouse gases
[9,10; [21]. Analogously, the separation of H,S from gas mixtures used in the energy sector
is an important application eld of HKUST-1 [107]. As catalyst, HKUST-1 is very promis-
ing because its metal sites are strongly active in many reactions and because they can be
easily accessed from the surface of the large pores of the framework by a large variety of
interesting molecules [27) [108]. Recently, thin Ims of HKUST-1 on opportune substrates
were successfully used in photo-voltaic applications [109].

The adsorption of each of the molecules cited above was characterized in great detail
from experimental and theoretical point of view [25}30,(104]. In particular, the binding sites
of Cu?* ions, known as Open Metal Sites (OMS), represent the principal adsorption site of
the structure, especially for polar molecules, and they are identi ed very often as site I. Other
adsorption sites are placed in the center of the octahedral side pockets, named site 1, and at
the window of four, tetrahedrally arranged, open faces of the octahedral cage, named site
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Figure 2.8: Preferential adsorption sites in HKUST-1 labeled I, Il and 111 [30].

111 [25] 30, [104]. These three adsorption sites are represented in Fig.[2.8|as blue, green and
yellow spheres for I, 1l and 111 sites, respectively [30].

2.2.1 Magnetic properties

The presence of Cu?* ions in crystalline matrix of HKUST-1 confers magnetic properties
to the material. In particular, these latter can be easily related to those of other well known
compounds, as Copper(ll) Acetate, extensively examined in literature [52} 54].

An experimental investigation on the magnetic susceptibility of HKUST-1 showed a typ-
ical dependence on temperature in accordance with Bleaney-Bowers law [110]. The authors
measured the temperature dependent magnetization for two HKUST-1 materials, character-
ized by different axial ligand L as H,O and Pyridine (Py). The result of this study is reported

in Fig.[2.9
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Figure 2.9: Temperature dependent magnetic susceptibility of HKUST-1 up to T=5 K, with two dif-
ferent axial ligand, H,O and Py [110].
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As evident from Fig. [2.9] the graphs of magnetic susceptibility in function of temper-
atures are the same for the two samples and they reveal a sharp increase at temperatures
below T=75 K. This result represented a new element with respect to the magnetic suscepti-
bility of Copper(Il) Acetate and it was attributed to a weak ferromagnetic coupling between
dimers, described by the Curie-Weiss law. The authors suggested that this latter interaction
is modulated by the aromatic bridges through which the paddle-wheel moiety are connected
[110].

Another experimental way to investigate the magnetic properties of HKUST-1 is by EPR
spectroscopy. The rst study on HKUST-1 performed by this experimental technique was
conducted by Peppl et al. [43]. The authors analyzed the EPR spectrum in Q band as a func-
tion of temperature, recognizing signi cant changes of line shape, as reported in Fig. [2.10]
[43].
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Figure 2.10: Temperature-dependent Q-band EPR spectra of HKUST-1 [43]].

At very low temperatures (T=6 K), they observed a central EPR signal, attributed to
monomeric [Cu(OH,)g]>* complex, named species A , in which a Cu?* ion is in an octa-
hedral arrangement with six surrounding water molecules. The origin of this compound was
attributed to defects formed during the material synthesis [43]. As the temperature rises,
other smaller contributions at lower and higher values of magnetic eld were detectable in
the spectrum. Indeed the authors recognized a typical structure of a randomly oriented triplet
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center with axial symmetry [52, 57, [111], [112] [113] [114], indicated with species B . This
paramagnetic center arises from the antiferromagnetic coupling of the two S=1/2 spins in-
volved in each paddle-wheel unit. In the spectrum acquired at T=100 K Fig. [2.11] the four
peaks of associated to the allowed transitions Dms = 1 and that related to the forbidden
transition Dmg = 2 at lower values of magnetic eld were evident. Moreover, this spectrum
was compared with a simulated one, showing a very good agreement [43].

400 600 800 1000 1200 1400 1600
B (mT)

Figure 2.11: (a) Q-band EPR spectrum of HKUST-1 acquired at T=100 K, compared with (b) the
simulated spectrum of species B [43].

For temperature higher than T=120 K, the features of the triplet center were barely dis-
tinguishable, until they disappeared completely. In their place, the authors observed a very
large signal at ambient temperatures (see Fig. [2.10), attributed to a C species . To iden-
tify the nature of this latter paramagnetic center, the normalized intensity of EPR signal in
function of temperature was studied. The obtaining graph is reported in Fig. [2.12] The ex-
perimental intensity of EPR signal was tted with the Bleaney-Bowers equation Eq. [1.15
showing a great accordance. This t have permitted them to estimate an exchange coupling
of Jp=370 cm™, in agreement with other antiferromagnetically coupled Cu(Il) dimers.

Thanks to this study, the authors ascribed the C species to the triplet center, as B species.
The changes of spectroscopic features were attributed to a cooperative effect between closer
paddle-wheels. Indeed, the population of the excited S=1 states of the Cu(ll) dimers in-
creases with rising temperature and consequently the average distance between the dimers
being in the excited triplet state decreases too. In turn, this will lead to a more and more ef-

cient exchange process between the dimers in the HKUST-1 network and in that way to an
enhanced exchange narrowing resulting in an increase of the intensity of the isotropic signal
on the expense of the anisotropic spectrum [43].

Later, this temperature dependence of the EPR line shape was observed in other com-
pounds containing copper dinuclear paddle-wheel units arranged in one dimensional array
[115], in chains [114] or crystal frameworks [111]. According to the theory of Prof. Calvo
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Figure 2.12: Normalized EPR signal intensity of species C in function of temperature [43]].

[113], a quantum-statistical process is set where the interactions of each unit with the envi-
ronment of other units destroy the phase of the wave function producing a transition from an
isolated dinuclear unit to an in nite spin chain. In fact, the interactions between dinuclear
units produce a spin dynamics that averages out the intradinuclear dipolar interactions. This
coupling with the environment leads to decoherence, a quantum phase transition that col-
lapses the dipolar interaction when the isotropic exchange coupling with neighbor dinuclear
units equals the magnitude of the intradinuclear dipolar coupling. The results are notably
changes in the EPR spectrum [113, 114} [115].

The dimeric metal carboxylate Cu®* constitute the most common system in which the
antiferromagnetic coupling is manifested [43, 149, 52| 58| (110, 116, [117]. The strength of
this interaction is affected by several factors as the nature of the axial ligand [118], the
bridging connection between the two metal ions [116} [117], the geometry of the dimeric unit
[119]. For example, a signi cant effect on the exchange interaction arises from the nature
of the bridging modes/angles of the connectors, from their length and from the degree of
symmetry of the system. It is observed that shorter is the bridging ligand between two metal
ions, more ef cient is the magnetic interaction between the centers [119]. Furthermore,
it is demonstrated that an angle of 90 between metal-bridge-metal (-M-O-M-) promotes
a ferromagnetic coupling, whereas with an angle of 180 an antiferromagnetic is favored
[119]. In this latter case, the exchange occurs through the 2p orbital of the oxygen and the
outer d orbitals of the transition metal (dy-po-dm) with appropriate site and spin symmetry
of the respective orbitals. For a longer bridging connector as the carboxylate (-O-C-O-)
molecule, the superexchange coupling involves also the 2p orbital of the carbon (dy-po-pc-
po-dm), with angles and symmetries analogues to the shorter bridging ligand [119]. Another
parameter to consider in evaluation of the ef ciency of antiferromagnetic coupling is the
coordination mode of the carboxylate group [120]. The possible con guration of bridging



44 CHAPTER 2. METAL-ORGANIC FRAMEWORKS (MOFS)

molecule with metal ions are those reported in Fig.[2.13
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Figure 2.13: Different coordination modes of the carboxylate group with metal ions indicate with M
[120].

Computational and experimental works established that the maximum overlap between
the wave functions of metals and organic bridges occurs in syn-syn and anti-anti bridging
modes rather than syn-anti [119] [120].

According to the scheme of copper(ll) in square-pyramidal geometry, the partially occu-
pied ground state of each Cu?* in HKUST-1 material is d,. y2 orbital [61]. The shape of this
d-orbital promotes a very high overlap with the wave function of carboxylate bridges and
then a strong antiferromagnetic coupling is achieved.

2.2.2 Structural and morphological properties

During the years, numerous structural and morphological characterizations of HKUST-1
MOF were performed by several research groups. These studies involved a lot of experi-
mental techniques such as XRD, EXAFS, XANES, Raman, and many others.

XAFS measurement

By an X-ray absorption measurement on Cu K-edge (8979 eV), the local environment of
Cu?* ions of the HKUST-1 matrix was determined [103]. Furthermore, the authors made a
comparison with two other samples of HKUST-1 dehydrated in different ways, one in mild
conditions (room temperature) and the other in vacuum at T=453 K. The XANES regions of
the three samples described are reported in Fig. [2.14]

The normalized X-ray absorption spectrum of the as-synthesized sample showed the edge
position at 8990 eV (1/2 of the edge step) and the presence of two peaks at around 8985.8 eV
and 8977.6 eV. All these features con rmed for Cu species an oxidation state of +2. The very
weak peak around 8977.6 eV (see inset in Fig. [2.14) was ascribed to the quadrupolar transi-
tion 1s ¥ 3d [103]. Although the 1s ¥ 3d transition is forbidden by dipole selection rules,
the presence of this peak was due both to orbital 3d + 4p mixing and to direct quadrupolar
coupling [69, [121]. In this sense, its intensity gives clear information about the coordination
number of the Cu?* absorber atom. In particular, a reduction of its intensity and a blue shift of
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Figure 2.14: XANES spectra of HKUST-1 MOF under different hydration conditions: hydrated (gray
full curve), dehydrated at room temperature (black dotted curve) and dehydrated at 453 K (black full
curve). The inset reports a magni cation of the 1s ¥ 3d quadrupolar transition [103].

its position indicated a reduction of coordination number of copper ion [18,[103]. Moreover,
another pre-edge was observed at about 8985.8 eV and it was related to the allowed 1s ¥ 4p
dipolar shakedown transition [103, 121]. An increasing of its intensity and a red-shift of its
peak position were interpreted as an increasing of the covalence of the ligand-copper bond
[103]. The white line at 8998.0 eV is representative to the 1s ¥ continuum transition.

The effect of progressive outgassing (at room temperature, RT, dashed curve, and at 453
K, solid black curve in Fig.[2.14) did not modify the copper oxidation state, as the position of
the edge remained unaltered. Conversely, a change in the coordination of Cu?* was testi ed
by (i) the decrease of the intensity of the white line that blue shifted from 8998.0 eV to
8998.8 eV, by (ii) an increase of the 1s ¥ 4p peak intensity, accompanied by a red shift from
8985.8 eV to 8985.3 eV, and by (iii) the perturbation of the 1s ¥ 3d peak that slightly blue
shifted from 8977.6 to 8977.8 eV (see inset in Fig.[2.14) [103]. In the XANES spectra of the
dehydrated materials the 1s ¥ 4p pre-edge transition was a distinct well-resolved band: this
fact is rather unusual for Cu?* species where the 1s ¥ 4p transition is observed as a shoulder
of the edge in most of the cases [18, [103]. From the comparison between XANES region
of hydrated and dehydrated sample the authors deduced a decrease in coordination of Cu?*
ions upon outgassing of HKUST-1.

In addition, the authors acquired the EXAFS signals of as-synthesized and dehydrated
HKUST-1 samples. The k-weighted Fourier back-transformed of EXAFS signals of these
two samples is reported in panel (a) of Fig.[2.16] with the detail of the six scattering path used
to perform the  tting procedure. More precisely, (1) the Cu?’-O1 SS path, DF=4; (2) the SS
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a b

Figure 2.15: Part (a): cluster used for the simulation of the EXAFS signals. It represents the hydrated
(Cu,C,0g)(H,0), cage. The X-ray absorbing copper atom is labeled as Cu?®, whereas the scattering
atoms are the oxygen of the water molecule (Ow), the copper atom (Cul), in front of the absorber,
and the elements of the four carboxylate groups of the trimesic acid: a carbon atom marked C1 and
two oxygen atoms, marked O1 or O2 if directly bonded to Cu? or to Cul, respectively. Part (b)
dehydrated (Cu,C,Og) cage [103]].

Cuds-Ow path, DF=1; (3) the Cuds-Cul SS path, DF=1; (4) the SS Cu?*-C1 path, DF=4;
(5) the MS Cu?$-01-C1 path, DF=8; and (6) the SS Cu?’-02 path, DF=4. With DF they
indicated the degeneration factor that is obtained from the symmetry of the (Cu,C403)(H,0)»
cluster reported in Fig. The corresponding k?-weighted FT contributions are reported
in panel (b) of Fig.[2.16] in both modulus and imaginary part [103]. The quantitative results
of the two ts are summarized in Table [2.1] [103].

Table 2.1: Quantitative results of the EXAFS data analysis of HKUST-1 sample measured before
(Top) and after (Bottom) thermal activation at 453 K. Adapted from [[103].

scattering path Negor R/A s2/A2 DE/eV
As-Synthesized HKUST-1: R2=0.0072

cu?s-01 46 04 196 0.02 0.0057 0004 11 0.1
Cus-Ow 1.15 0.1 219 0.02 0.0052 0.004 1.1 0.1
Cu?s-Cul 1.15 0.1 2.64 0.02 0.0092 0.006 -2.0 0.1
Cus-Cc1 46 04 288 0.02 0.0063 0005 11 0.1

Cu?hs-C1-01 9.2 09 304 0.02 0.0100 0005 11 01
Cus-02 46 04 3.05 0.02 0.0225 0.005 1.1 0.1

HKUST-1 Dehydrated in Vacuo at 453 K: R?=0.038

Cus-01 392 0.3 194 0.02 0.0040 0.001 -1.7 0.1
Cu?s-Ow 098 0.1 217 0.02 0.032 0.005 -1.7 0.1
Cu?bs-Cul 098 0.1 250 0.02 0.0081 0.002 -22 0.1
cus-C1 3.92 04 278 0.02 0.0051 0.002 -1.7 0.1

Cu®s-C1-01 7.84 0.8 296 0.02 0.0100 0.005 -1.7 0.1
Cus-02 392 04 290 0.02 0.029 0005 -17 0.1

In general, the total overview of the EXAFS tting resulted in a shrinking of the (Cu,C4Og)
cage due to water desorption, with the copper atoms that sink in the plane of carbossilic oxy-
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Figure 2.16: Results of the EXAFS analysis of the as-synthesized HKUST-1 sample (left) and of the
HKUST-1 sample measured after thermal treatment in vacuo at 453 K. Part (a): k-weighted Fourier
back-transformed EXAFS signals, the 1.0-3.50 range. Part (b), as part (a) for the corresponding
k2-weighted FT contributions. In this case both modulus and imaginary parts were reported [103].

gens due to a shortening of the Cu-O1 bond and to a reduction of the Cu-O1-C1 angle. This
means that the activation process of HKUST-1 determined a change in local arrangement of
Cu?* from a square pyramidal geometry to a square-planar one [18, [103].

Other local effects were observed by XAFS spectroscopy after the interaction of HKUST-
1 of molecules as NH5 [18]. These effects were particularly evident in Cu-Cu distances.

Raman measurement

Vibrational properties of the as-synthesized HKUST-1 material were investigated by Raman
spectroscopy [103]. Its spectrum is reported in Fig. [2.17(a), whereas the comparison with
the Raman spectra of two outgassed HKUST-1 sample is reported in Fig. [2.17)(b).
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Figure 2.17: (a) Raman spectrum of hydrated HKUST-1 from 150-1800 cm™. (b) Detail of the hy-
drated HKUST-1 from 150-800 cm™, compared with the Raman spectra of two outgassed HKUST-1
samples in different conditions [[103].

In the complete Raman spectrum of the as-synthesized material of Fig. [2.17(a), the au-
thors identi ed two regions: the rst one at higher wavenumbers up to 600 cm™, attributed
to the modes associated with the organic linker and the second one comprised in the range
600 150 cm™, which involves the Cu?* species [103]. More precisely, the doublet at
177 193 cm™® and the peak at 275 cm™! were assigned to a stretching mode involving Cu-
Cu dimer and Cu-O,,, where O,y indicates the oxygen of the water molecule adsorbed on
Cu?* ion, respectively [103]. The doublet at 448 502 cm™t, whose rst component is barely
detectable, was related to Cu-O stretching modes involving oxygen atoms of carboxylate
bridges [103, [122]. In the 1800 730 cm™ range, the spectrum of HKUST-1 was dominated
by modes associated with the organic part of the MOF framework. For instance, the bands at
1610 cm™ and 1006 cm™ were associated with n(C=C) modes of the benzene ring; the peaks
at 826 cm™ and 740 cm™ were ascribed to out-of-plane ring (C-H) bending vibrations and
to out-of-plane ring bending, respectively, whereas the doublet at 1550 cm™ and 1460 cm™t
was due to the Nasym(C-0O2) and ngym(C-O5) units. All these assignments are in agreement
with those of other authors in literature [37, 38, [122].

The main effects due to the outgassing process of HKUST-1 observed in Raman spectrum
are evident in lower frequency region (Fig. [2.17|b)). Indeed, the experimental data revealed
that vibrational modes of organic linkers were not perturbed by the activation process [103].
As showed in Fig. b), the doublet at 193 cm™ and 177 cm™ nearly vanished, being
replaced by a single component at 228 cm™ upon activation. This feature was explained
in terms of a change in the rst coordination sphere of copper ions upon water removal, in
agreement with the XANES and EXAFS results. The two different procedure of activation
of HKUST-1 used by the authors produced the same results form the point of view of the
Raman spectrum [103].
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XRD, BET and SEM analysis

Most of the structural properties of HKUST-1 depend on the conditions of its synthesis. In
the years following the rst experiment of Chui et al. [17], further improvements of the
solvothermal reaction conditions were reported in literature [10, 27, [123, (124} 125 (126,
127, [128]. Furthermore, alternative synthetic procedures were improved such as conven-
tional synthesis under ambient pressure [28, 143,123, 129], electrochemical [123] 128, [130],
mechanochemical [128, [131], ultrasonic [132] and microwave-assisted [128| [133] synthetic
methods. The principal differences between these procedures are reaction times and degree
of purity of the nal product, that can be determined by the employment of such techniques
as XRD, SEM, BET. A complete test after the synthesis under hydrothermal conditions of
the material was performed by the research group of M. Balow [10] to verify the quality
of the produced material. They acquired the X-ray diffraction pattern of the as-synthesized
material, as reported in Fig. [2.18]

8000
] Cu-BTC, Sample-a

7000+

6000

5000+

4000+

Intensity

3000

2000 | |

l
1 I || I|| !|1"| ) ||||'I lw.
1000+ } | | 1 ||l‘ .}\ |y S VL il
0 - /r"IL __)'l L,:'l v UI'wJU s Vi
5 10 15 20 25 30 35 40 45 50 55 60
20

Figure 2.18: XRD pattern of HKUST-1, Sample-a, synthesized under hydrothermal reaction at T=383
K [10].

The crystalline phase of HKUST-1 was identi ed by an XRD pattern with characteristic
peaks at 2 6.5, 9.5, 11.5 and 13.4 [10, 20, 27, 128, 29, (36} 42, (104, (134, [135]. The
attribution of all the peaks to the crystalline planes of the matrix was reported by other
authors as Schlichte et al. [27]. Their experimental XRD pattern was compared with a
simulated one, (a) and (b) in Fig. [2.19] respectively.

The surface area and pore volume of crystalline matrix of HKUST-1 were deeply inves-
tigated by N, adsorption measurements. Wang et al. [10] performed this kind of analysis on
HKUST-1, nding the sorption curves reported in Fig. [2.20|
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Figure 2.19: (a) Observed (top) and calculated (bottom) X-ray diffraction pattern of
Cu3(BTC),(H,0); xH,0O. Adapted from [27].
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Figure 2.20: Sorption isotherms of N, of two samples of HKUST-1 synthesized under hydrothermal
reaction at T=423 K (Sample-c), at T=383 K (Sample-a), and NaX zeolite [10].

Comparing the curves reported in Fig.[2.20} the authors deduced that no hysteresis effects
exist, which would indicate tentatively the existence of another pore system apart from that
of micropores. Furthermore, they found that the micropore volume of the analyzed Cu-BTC
sample exceeded that of the NaX zeolite by nearly a factor of 2. Moreover, they estimated
the speci c surface area for the two Cu-BTC samples, obtaining 964.5 m?/g for Sample-a
and 1333 m?/g for Sample-c [10]. These values of speci ¢ surface were compatible with
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those reported by other researchers [136], summarized in Table 2.2]

Table 2.2: Summary of the possible reaction conditions for the hydrothermal synthesis of HKUST-1
frameworks and of their corresponding BET surface areas. Adapted from [20].

Years T(K) t(h) Solvents BET surface area (m?/g)  Ref.
1999 453 12 H,O+EtOH 692.2 [17]
2007 358 8 H,O+EtOH+DMF 1482 [127]
2008 393 14 H,O+EtOH 1510 [123]
2010 393 24 H,0O+EtOH 1143 [128]
2012 383 18 H,O+EtOH 1055 [22]

The BET surface area for commercial HKUST-1 produced by BASF (known as Basolite
C300fi) are comprised in 1500 2100 m?/g [137].

SEM analysis is helpful to a morphological characterization of the sample. Wang et al.
[10] obtained cube-shaped crystals with sharp edge of about 10 mm, as shown in Fig.[2.21]
in agreement with the results of other researches [20, 142, [138].

Figure 2.21: SEM micrographs of different HKUST-1 products obtained under hydrothermal reaction
in ethanol/water at T=423 K (a) and T=373 K (b). Adapted from [[10].

The synthesis conditions have a great impact on shape and dimensions of HKUST-1
grains, as shown in Fig. [2.22) [138]. The SEM image in Fig. [2.22(a) is related to conven-
tional solvothermal synthesis of HKUST-1 and it shows the same morphological aspects of
that found by Wang et al. [10]. Instead, in Fig. [2.22(b) and (c) aggregated crystals with
irregular morphology and sizes of about 200-300 nm and 100 nm diameter, respectively, af-
ter different syntheses procedures were observed. The pre-cooling method of preparation of
HKUST-1 have permitted them to nd nanosized particles in the range 50 nm and 500 nm,

see Fig.[2.22]d) [138].



52 CHAPTER 2. METAL-ORGANIC FRAMEWORKS (MOFS)

Figure 2.22: SEM images of HKUST-1 materials prepared from: (a) conventional hydrothermal treat-
ment, scale bar: 10 mm; (b) room temperature, scale bar: 1 mm; (c) freeze drying approaches, scale
bar: 1 mm and (d) pre-cooling method, scale bar: 500 nm [[138].

2.3 Effect of interaction of HKUST-1 with air moisture

Most of the applications involving HKUST-1 occur in a moist environment, or in presence of
water vapor. So, it is very useful to investigate the effects the interaction of HKUST-1 with
respect to the exposure to water.

Balow and co-workers [10] published one of the earliest studies of water adsorption in
MOFs in 2002, including the rst water adsorption isotherm reported for HKUST-1. In 2009,
Kaskel and co-workers [28] published a more in-depth study of water adsorption in HKUST-
1, along with several other MOFs. In line with Balow and co-workers [10], they found
that HKUST-1 exhibited a water isotherm of approximately the type | form, as showed in
Fig.[2.23] The open metal sites adsorbed water preferentially into the hydrophilic main pore
at low relative pressure (P=Py), and the MOF eventually achieved a saturation loading of
approximately 25 mol/kg (45 wt %) [28].

Rowsell and Yaghi [139] found that HKUST-1 was highly stable in water vapor, and Low
etal. [135] observed no structural transformation by XRD at 50 mol % steam at temperatures
up to T=473 K. For this reason, according to Low et al. [135], HKUST-1 is classi ed in the
medium region of stability with respect to steam, as reported in Fig. [2.24]

This af nity of HKUST-1 with respect to water is very interesting for many applications,
such as in biomedical eld [32, 33], in the packing and transporting of gaseous industrial
streams to avoid corrosive and condensation effects [34], and to increase the ef ciency of
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Figure 2.23: Water adsorption (solid symbols) and desorption (open symbols) isotherm of HKUST-1
at T=298 K. [28].

high steam stability region ng—f @

50T P hg i
Al-MIL-110, . MOF74!
212 T 20 X )

Cr-MIL-101 ?:
358 9

moderate steam stability region ;
Al-MIL-53
434

low steam stability region

MOF-508
MOF-5 18.9

AE® in kcal/mol (theory)

T
200 temperature, °C 300

Figure 2.24: Steam stability map for the some MOFs. The position of the structure for a given MOF
represents its maximum structural stability by XRD measurement, whereas the energy of activation
for ligand displacement by a water molecule determined by molecular modeling is represented by the
magenta number (in kcal/mol) [[135].

CO», capture [35].

In spite of these interesting applications, N, adsorption analysis showed that the water-
exposed HKUST-1 loses approximately 50% of its original surface area. Liang et al. [140]
and Schoenecker et al. [29] also reported similar results for water adsorption in HKUST-1.
Henninger et al. [141] [142] performed water adsorption cycling studies on HKUST-1 and,
consistently with previous equilibrium isotherm studies, they found that severe degradation
occurred over various cycles. After 20 cycles of water adsorption between T=40 K and
T=413 K, 53% of the capacity was lost. However, Li and Yang [143] showed that HKUST-1
was stable at 40% RH for 7 days in air. DeCoste et al. [36] performed detailed aging studies
of HKUST-1 along with Mg-MOF-74, which decomposed under all conditions. Consistent
with the work of Li and Yang [143], they found that HKUST-1 showed no structural changes
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after exposure to 40% RH at T=313 K for up to 14 days. However, at T=313 K and 90% RH,
the XRD looks similar to the decomposed T=300 K sample, and the porosity and surface
area were completely lost [36]. This stability can be better understood by a 2011 solid state
NMR study [40], which followed the structural changes upon exposure to water. HKUST-1
was found to maintain structural integrity with water content up to 0.5 mol equivalents with
respect to copper, but decomposition occurred at higher water content [40].

The interaction of HKUST-1 with water vapor was monitored also by EPR spectroscopy
[59, [134]. As already described in Sec. [2.2.Tand according to the authors, at room temper-
ature the line width and line shape of the unresolved S=1 signal strongly depended on the
dipolar and exchange interactions between the two Cu?* ions across the framework struc-
ture [59, [134]. After an exposure to a controlled H,O atmosphere over a period of 14 days,
the authors recognized signi cant changes of the EPR lineshape at T=300 K, as reported in

Fig. [2.25| [59, 134].
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Figure 2.25: X-band EPR spectra at room temperature of excited S=1 state of the two cu®* ions in
HKUST-1 upon water adsorption over 14 days [59].

Upon water vapor adsorption, the broad signal of the excited S=1 spin state of the undis-
turbed antiferromagnetically coupled Cu?* dimers with an isotropic g-value of go=2.145 and
a large peak-to-peak line width of DBpp=100 mT transformed into a new EPR signal. After
12 days, no further changes were observed. The resulting intense and slightly anisotropic
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signal with g=2.175 and a signi cantly smaller peak-to-peak line width of DBpp=15 mT
started to evolve already after three days and is typical for S=1/2 spin systems as found for
monomolecular distorted octahedrally coordinated cupric ions [59, [134]. This signal was
assigned to monomolecular cupric ion species that were formed after decomposition of the
paddle wheel units under prolonged adsorption of water [59, [134]. After exposure to humid-
ity, also after prolonged storage at the air under ambient conditions over several weeks, the
N, adsorption isotherm and the XRD powder pattern reveal a drastic decrease of the pore
volume after a re-activation process, con rming the collapse of the framework [59].

In general, the stability of MOFs in water can be attributed to both electronic and steric
effects of the ligand on the metal node. Indeed, the strength of metal-oxygen/metal-nitrogen
bonds [135], combined with the shielding ability of the ligand to protect the inorganic node
against water coordination, drive the water resistance of the materials [39]. The metal ligand
bond is stronger when very acidic metals or very basic ligands are used [39][135]. Two main
degradation mechanisms of MOFs exposed to water were reported: (1) ligand displacement
and (2) hydrolysis [135]. Both mechanisms were established from computational chemistry
and con rmed experimentally. The ligand displacement reaction involved the insertion of a
water molecule into the MO metalligand bond of the framework. This led to the formation
of a hydrated cation and to the release of a free ligand:

M™ LM +H,0 ¥ M™ (OHp) L" (2.1)

In contrast, during the hydrolysis reaction, the metal-ligand bond is broken and water
dissociates to form a hydroxylated cation and a free protonated ligand:

M™ " +H,0 ¥ M™ (OH) +HL" D (2.2)

This second degradation mechanism was that recognized in HKUST-1 upon a prolonged
exposure to moist environment. In fact, several researchers demonstrated that when water
molecules are able to condensate into the cavities of the material, nally it becomes ener-
getically favorable for H,O to hydrolyze the Cu-O bond involved in the paddle-wheel, so
breaking the crystalline structure [36, (37, 38]. This property limits not only the applications
where the HKUST-1 is directly exposed to moisture or water but also all those uses where
water is present just as impurity [39, 140, 41} 42, (89].

2.4 HKUST-1 in mesoporous matrix

To contrast the effects of the destabilization of the crystalline matrix of HKUST-1 upon the
interaction with water molecules in humid environment, the researchers tested a lot of strate-
gies [89]. One of the most common approach is a ligand functionalization by hydrophobic
functional groups which can be achieved either by employing functionalized ligands as a
starting synthesis precursor or by post-synthetic chemical modi cation [144, 145, (146, (147,
148, (149, (150, 151} 152} 153, [154]. Furthermore, it is possible to protect the cavities of the
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material making the hydrophobic the crystal surface. This can be achieved for instance by
coating with amorphous carbon or by adsorption of surfactants, which prevent the water to
enter the pores [73, 149, [155].

All of the above described strategies of improving hydrostability are dealing with func-
tionalizing bulk MOF structures. Sometimes, it is not easy to improve these procedures
due to the crystal lattice energy barriers or structure sensitivity to chemical modi cation
processes. To solve these problems, an alternative way to strengthen the crystalline matrix
towards water molecules is to combine MOFs with other functional materials [156, 157]. Im-
mobilization of MOFs within silica nanoporous support is a promising way to improve their
chemical resistance towards water and to design hierarchical porous systems with unique
MOF-intrinsic structural and chemical properties [158].

More in general, the main result of the synthesis of MOFs within mesoporous matrix
is to contrast the effects of low chemical stability, and of the poor mechanical strength of
some MOFs [159,[160]. Recently, MOF composites have attracted a lot of attention because
of their new physical and chemical properties and improved performances that cannot be
achieved by the single phase and pure MOFs alone [157]. Introducing silica on/in MOFs was
reported to strengthen the MOFs stability for biomedical imaging [144] and improve its me-
chanical properties [161]. However, most of the reported composites to date are analogous to
microporous materials [162}[163]. While high micropore volumes and large surface areas are
desirable for many applications, such narrow pores do not allow for hosting large molecules
and faster mass diffusion, thereby limiting their uses in separation, catalysis and adsorption
[96]. Formation of different MOF systems within disordered or ordered (MCM-41, SBA-
15) mesoporous silica matrices were already reported [164), (165, (166, 167, (168, [169]. In
particular, Kondo et al. [164] and Wu et al. [167], prepared mesoporous MOF-5/SBA-15
and CuBTC/SBA-15 composites by using pre-synthesized SBA-15 as matrix, respectively.
LeVan et al.[170], synthesized mesoporous CuBTC/MCM-41 composites through incorpo-
ration of CuBTC into MCM-4 support.

We will focus our attention on HKUST-1 MOF crystallized within ultra-large meso-
porous FDU-12 silica matrix with cubic pore arrangement.



Chapter 3
Experimental setups

Following subsections provide a brief description of the experimental equipments mainly
used during this Thesis work. A particular attention is reserved to the EPR setup.

3.1 EPR spectrometer

In a typical EPR experiment, the sample in analysis is subjected to the action of two mag-
netic elds. The rst, called B, is considered static with respect to the intrinsic relaxation
times of the paramagnetic centers eld, and it is responsible for the Zeeman splitting. The
second magnetic eld, called By, is less intense with respect to the rst, orthogonally ori-
ented and oscillating at a microwave frequency [45, 47, 148, 55]. The acquisition of an EPR
spectrum consists in a measurement of the energy absorbed by the sample through the oscil-
lating B; magnetic eld while the magnetic eld B is linearly varied from a minimum to a
maximum value. In this way, it is possible to record an absorption curve when the energy of
the magnetic eld oscillating is the same of separation DU between the energy levels of the
system.

EPR measurements reported in this Thesis were carried out using a Bruker EMX micro
spectrometer, which block diagram is represented in Fig. [3.1] [56, [171].

The source is a Gunn diode, constituted by a GaAs junction, emitting electromagnetic
waves in microwave range (9.6 GHz) [56, [171], said X band. In order to obtain an undis-
torted EPR spectrum, the resonant frequency of the cavity containing the sample has to match
that of the Gunn diode for all the duration of the acquisition, meanwhile the modulus of the
external eld B changes linearly in time. However, it can be shown that in correspondence to
the resonance magnetic eld By, the frequency of the cavity undergoes a shift in connection
with the change of the impedance of the cavity-plus-sample system [48]. To compensate this
effect, the EPR spectrometer is equipped with an automatic frequency control (AFC) system.
This latter device introduces an amplitude modulation, at a frequency of 76.8 kHz, on the
microwave radiation produced by the Gunn diode [56] [171]. A second microwave signal,
taken from the source and opportunely corrected in amplitude and phase, is superimposed to

57
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Figure 3.1: Block diagram of Bruker EMX micro spectrometer, adapted from [[171]

that re ected from the cavity so that, when the resonant frequency of the cavity-plus-sample
system matches that of the Gunn diode, the total signal results to be not modulated at 76.8
kHz. Inversely, when the frequency of the cavity drifts off that of the Gunn diode, an error
signal is produced and, by imposing a variation of the voltage applied to the Gunn diode, the
matching is automatically reestablished.

The power of radiation emitted by source can be regulated by a variable attenuator, con-
trolled by the operator. The attenuation of incident power on the resonant cavity containing
the sample is measured in dB of attenuation and it is related to the power produced by source
according to the following relationship [171]:

POWErincident

Attenuation(dB) = 10 log,q PoWere
source

(3.1)
For the Gunn diode of the EPR spectrometer we used, the maximum obtainable mi-
crowave power is of 200 mW [56) [171].
Once attenuated, the microwave radiation is suitably driven by a circulator device to-
wards the heart of the spectrometer, the resonant cavity, positioned between the electromag-
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nets. It is characterized by high conductibility side walls and it is employed to store the
microwave energy. A schematic picture of the resonant cavity is reported in Fig. [3.2(a). In
particular, it is a parallelepiped-shaped box with silver inner walls protected by a gold Im.
Its normal modes are characterized by certain distributions of the electric and magnetic eld
lines, as shown in Fig.[3.2(b-c).

¥

Figure 3.2: (a) Resonant cavity of rectangular shape. The arrow indicates the iris, which connects
the resonant cavity to the wave guide. Electric eld lines in the XZ plan (b) and magnetic eld lines
in the XY plan (c). Adapted from [45]].

The sample is typically positioned at the center of the cavity because, in that point, the
electric eld has a minimum and the magnetic eld has a maximum. In this way, it is possible
to observe a magnetic dipole transition and not an electric dipole transition [45, 147, 48| 55,
56 [171].

The connecting element between wave guide and resonant cavity is the iris (shown in
Fig.[3.2(a), a dielectric material which optimizes the coupling between the impedance of the
wave guide and that of the cavity. The size of the iris controls the amount of microwave
power which enters the cavity. The iris accomplishes this task by carefully matching or
transforming the impedances of the cavity and the waveguide. There is a screw in front of
the iris which allows one to adjust this matching [45] 47, 48, 55, 56, [171]).

The ef ciency of a resonant cavity in accumulating microwave energy is measured by
the quality factor de ned as [45, 56]:

_ 2p (energy stored)
Qu

= — ; 3.2
energy dissipated per cicle (32)

where the energy dissipated per cycle is the amount of energy lost during one microwave
period. Energy can be lost in the side walls of the cavity because the microwaves generate
electrical currents in them, which in turn generates heat. In order to limit this effect the
side walls of the cavity are usually covered by a double layer of silver and gold. To take
into account the energy absorbed by the sample due to dielectric losses and that dissipated
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in correspondence to the iris, it is possible to de ne two other contributions to the overall
quality factor of the cavity as follows [45, 56]:

__ 2p(energy stored)
Qe = dielectric loss per cicle (33)
_ 2p(energy stored)
Qr = Siris Toss per cicle (34)
Then, the total quality factor Qi IS given by:
1 1 1 1 (35)

T = 44—
Qot Qu Qe Qr

It is worth to note that, the higher is the quality factor of the cavity, the higher is the
energy stored in the cavity and, consequently, the higher is the sensitivity of the EPR spec-
trometer [45, 147,148, 55, 56, [171].

The cavity is located between two electromagnets whose coils produce a static eld B
with a maximum amplitude of about 1 T and homogeneity of about 10 2 mT on a volume
DX DY DZ =5 22 10 mm?® [171]. The absolute amplitude estimate of the magnetic eld
B is given by the Hall probe, xed between the poles of the electromagnet, with a precision
of 8 10 2 mT [45, 47, 48, 55, [171]. As a consequence of this experimental uncertainty,
the absolute position of a resonance in the spectrum is undetermined by the same amount.
In spite of the accuracy in determining absolute values of B, the estimation of the relative
magnetic eld distance of two features of an EPR spectrum is affected by a sensibly lower
error, due to the presence of a system which imposes a low frequency modulation of the
magnetic eld B and it guarantees a better stability. So, for distances of the features in the
EPR spectrum of 1 mT, thiserroris 8 10 #mT [171].

The output signal from the resonant cavity arrives on the detector, named Schottky diode,
constituted by a metal-semiconductor junction (tungsten-silicon). This device generates a
current signal which is function of the power of microwave radiation incident on it. For low
powers (P < 1 mW), the response of the diode is proportional to P, and the region is called
quadratic, whereas for high powers (P 1 mW), the response is proportional to = P and the
region is said linear. To make sure that the detector works in the latter region, the instrument
is equipped with a reference arm. It picks up part of the radiation emitted by the source, it
suitably changes power and phase, and directs it towards the Schottky diode, guaranteeing
the correct state of polarization [45] 47, 48, 55].

A serious disadvantage of an EPR spectrometer like ours is the contribution of the noise
components (principally at low frequencies) to the output signal. To enhance the signal to
noise ratio, an oscillating (100 kHz) magnetic eld, called modulation eld By, is added to
B. This further magnetic eld is produced by two coils merged in the walls of the cavity. By,
is parallel to B, it has a small intensity ( 10 4 T) and oscillating at frequency that, in our
EPR spectrometer, can be xed at a value ranging from 5 kHz up to 100 kHz with step of 1
kHz.
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Figure 3.3: Effect of small-amplitude 100 kHz eld modulation on the detector output current. The
static magnetic eld B is modulated between the limits B; and By. The corresponding detector current
varies between the limits ia and ib. The upper diagram shows the recorded recti ed 100 kHz signal
as a function of B. [45]].

The effect of the modulation magnetic eld on the properties of the microwave signal
re ected from the resonant cavity is schematized in Fig. 3.3l As a result of the magnetic
eld modulation, the value of the static magnetic eld B is oscillates about the values B,
and By. As a consequence, the microwave signal re ected from the cavity, which is pro-
portional to the value of the absorption in correspondence to the instantaneous value of the
static-plus-modulation magnetic elds, becomes modulated. In particular, the amplitude of
the microwave eld oscillates with the same frequency and in phase with the modulation
magnetic eld, provided that the portion of the absorption pro le spanned by the modulation
magnetic eld is small enough to be approximated as linear. Once this signal reaches the de-
tector, it is converted in a current signal oscillating at the fundamental modulation frequency
and with amplitude proportional to the difference between the values of the absorption in
correspondence to B and By. Finally, the amplitude of this oscillating current is measured
by the lock-in ampli er and represents the detected EPR signal. From the above discussion,
it follows that the EPR signal reproduces the derivative of the absorption line, provided that
the amplitude of the modulation magnetic eld is much less than the width of the absorption
pro le [B5,56].
The output circuit consists of an RC low-pass lter and an integrator. The RC lter has a
response time Trc and attenuates the noise components with frequency greater than 1/Tgc.
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The second component integrates the detected signal for a time equal to T¢ony for each of the
1024 points that constitute the spectrum. Both parameters are set by the operator.

To perform an EPR measurement, a sample is typically placed within a sample holder
tube, made from dielectric material, and it is subsequently inserted within the resonant cavity.
The sample holder tube is constituted by a dewar ask which allows the acquisition of the
spectra at room temperature and at T=77 K. The dewar ask is a glass container formed
by double walls between which has been realized the vacuum to minimize heat transfer by
convection and conduction. In the case of measurements at room temperature the dewar ask
is simply left exposed to air, whereas for those at low temperature it is lled with liquid N,.
In this way, the sample that is located inside it reaches the xed temperature of about 77 K
for direct thermal contact with the liquid nitrogen.

The EPR spectra reported in this Thesis have been acquired in a magnetic eld range
0 800 mT. For all spectra, the following parameters were also kept xed: amplitude mod-
ulation eld By=1 mT, frequency of the modulation eld=100 kHz, T¢nw=164 ms, and
Teonst=328 ms. The values of microwave power and gain of receiver were generally changed
for each samples and were xed based on the trend of the saturation curve of the visible lines
in the spectrum and on the signal intensity.

To standardize all spectra of all produced samples and legitimize absolute comparisons
between the EPR signals observed in different samples or at different stages of their evolu-
tion, they were standardized for all experimental parameters and for their mass. Despite the
EPR signal is expressed in arbitrary units, since it depends on a common instrumental factor,
it is possible to make quantitative comparisons between the different spectra.

3.1.1 Saturation curve

One the most important parameters for the acquisition of an EPR spectrum is the power of
the microwave radiation. As already introduced in Sec.[1.2.] the intensity and the line shape
of the absorption curve strongly depend on the quantity ge?B;t; ts.

If the condition ge?B1%tit,  1isveri ed and the line shape of the EPR signal is loren-
tian, the system work in linear regime [47, 148]. This is realized if the rate with which the
paramagnetic system absorbs energy from the microwave eld is much less than the rate at
which absorbed energy is transferred to the lattice through spin-lattice interaction in the form
of thermal energy.

On the contrary, if the condition ge?B1%tit, 1 is realized, the line shape is distorted
and its intensity does not increase linearly with the microwave power. This condition is said
of saturation regime and it is realized when the ef ciency with which the energy is ceded
to the grid by the paramagnetic system is not high enough to balance the energy transferred
from the microwave to the system [47, 48].

The experimental procedure to be sure of acquire EPR spectra in good condition is in
the acquisition a series of spectra at different values of power, studying the value of power
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at which a liner increase is observed. In this Thesis the linearity was evaluated through the
peak-to-peak amplitude of the EPR resonances of the paramagnetic centers recognized in
function of the microwave power.

3.1.2 Spin concentration

In the present Thesis, the concentrations of paramagnetic centers were estimated by com-
paring the area under the absorption line EPR (obtained from the double integral of the
unsaturated EPR spectrum) with that of a reference sample [56]. The spins concentration of
the latter was determined by the spin echo technique [172] with absolute accuracy of 20%.
The concentration/area ratio was estimated for reference. In particular, it was found that
the area normalized by square root of the incident power (mW), by the amplitude of the
modulation eld By (MT), Teony (MS), sample weight (g), and receiver gain is related to the
concentration of paramagnetic centers by the formula:

Spin Concentration = K normalized area spin/cm®

K factor varies depending on the measurement temperature. The constant K is 5.95 1010
for measurements at room temperature and 1.49 10 for measurements at liquid nitrogen
temperature. From the reproducibility of the EPR measurements, a typical error of  10% of
the registered spectrum intensity was estimated. As a consequence, we attribute this error to
all the EPR intensity measurements reported in the present Thesis.

3.2 XAFS apparatus

XAFS measurements were performed on Cu K-edge (8979 eV) in transmission geometry
recording both XANES and EXAFS regions at BM08 beamline of ESRF facility (experiment
number: MA-2949). A scheme of the experimental hutch is reported in Fig.[3.4

In the scheme of Fig. [3.4} the main devices to obtain X-rays absorption measurements
are indicated with numbers 1-7 and they are:

1. Mirror for Low Power Harmonic Removal;
2. Slits;

3. lonization chamber;

4. First experimental chamber;

5. Guillotine valve;

6. Second experimental chamber;

7. lonization chamber.
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Figure 3.4: EXAFS hutch @BMO08, ERSF, Grenoble, adapted from [[173]

The white beam from the bending magnet source was monochromatized using a double
crystal Si(311) monochromator with a photon ux up to 10° 101! ph/s, and an energy res-
olutionDE=E 10 ® 10 “onaspotsizeabout1 1 mm? [173]. In particular, a Pd mirror
which cuts third and fth harmonics was used to perform the experiment. Furthermore, the
crystals of the monochromator were slightly detuned.

The apparatus is constituted by two ionization chambers lled with a No/Ar mixture at
different composition for the incident Iy and transmitted I, beam, respectively [174]. All the
measurements were performed at liquid-nitrogen temperature (T=77 K), using a Liquid-N,
cryostat to reduce effects of thermal disorder, and in high vacuum. For the energy/angle
calibration, K-edge XANES spectra of pure Cu foil were collected simultaneously using a
third ionization chamber. A schematic representation of the EXAFS hutch is reported in

Fig. 34 [173].

We collected XAFS spectra in the range 8700 10213 eV, but with a different energy step
depending on the energy region. Indeed, an energy step of 0.2 eV was chosen for XANES
whereas 1, 2, 4 eV for the EXAFS energy ranges delimited by the following values: 9010,
9080, 9379, 10213 eV. The integration time was xed at 3 s for each energy range. Further-
more, two scans for sample were acquired. The normalization of the absorption spectrum
and extraction of the c(k) was performed with Athena program [175]. XANES region of
pre-edges was analyzed by subtracting a straight line. The amplitude and phase of the scat-
tering path were obtained by FEFF 8.1 [176] using the single crystal data for the HKUST-1
structure [17]]. For EXAFS tting analysis we used Viper software[177]. The ts were per-
formed in module and imaginary components of the data in R-space. The best value for Sq?,
was obtained tting the spectra of Cu foil with six paths, xing the coordination numbers to
the ideal ones.
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3.3 Raman spectrometer

Raman measurements reported in this Thesis were carried out using a m-Raman Bruker SEN-
TERRA model, which combines a Raman spectrometer and a confocal microscope to per-
form the analysis of samples. For the video or Raman mode the light sources, which radiates
the sample, are different: an incandescent lamp for images, and a laser that emits radiation in
the visible range for Raman measurements. The instrument is equipped with two objectives,
20x with a working distance of 1.3 mm, and the other having magni cation 50x, a working
distance of 0.38 mm. Furthermore, a trinocular microscope is coupled with a video camera
to acquire digital images.

The block diagram of the spectrometer is represented in Fig. 3.5 and described in the
following [178].

/ Trinocular

Pinhole
oD Calibration
Gratings / system
Laser 0 Objective
/ ND Filter Sample
-U-__U-

Figure 3.5: Block diagram of m-Raman Bruker SENTERRA, adapted from [178]]

The source is a laser which emits at 532 nm with a minimun power of 0.2 mW and a
maximum one of 20 mW. The emitted radiation is attenuated through a sequence of neutral
density Iters (ND Filter) before reaching the sample. Then, the radiation passes through
an objective to be focused on the portion of interest. The scattered radiation from the sam-
ple, in the opposite direction to the excitation radiation, is collected by the same objective
and, through a system of mirrors, is directed towards the spectrograph, passing through a
notch lter. This latter reduces the Rayleigh component of the radiation, leaving unchanged
the intensity of light with Stokes-shift exceeding 50 cm 1. A pinhole/slit allows the spa-
tial selection of the collected radiation. To this aim slides with opening 25 1000 mm? and
50 1000 mm? for measurement in non-confocal mode and pinholes 25 mm and 50 mm in
diameter for measurements in confocal mode are used. Subsequently, the radiation is dis-
persed by one of the instrument gratings selected by the operator. There are two possible
gratings, 400 and 1200 lines/mm, in order to vary the resolution and spectral range: for high
resolution, 3 5 cm 1, the selectable spectra are in a range of 53 3700 cm ; whereas in
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the case of low resolution measurements, 9 15 cm 1, the investigated range is 50 4478
cm L. Then, the radiation is detected by a CCD system to record the Raman spectrum. The
CCD is constituted by a matrix of 1024 256 pixels thermoelectrically cooled to T=218 K,
with operator selectable exposure time to radiation (integration time) and number of repeti-
tions (co-additions). The sample is placed on a mobile support with a motorized movement
controlled by software to focus on it optically. This position coincides with the optimization
for the collection of Raman signal [178].

Raman measurements performed both at high and low resolution, with a nominal laser
power of 0.2 mW to avoid sample modi cations have been recorded. We have used the
objective with 20x and the aperture of 50 1000 mm?. The integration time of each spectrum
was 10 sec and the number of repetitions of each measurement was 10. For statistical reasons,
each sample was measured in three different points and the resulting spectra were averaged.

Furthermore, additional in-situ m-Raman measurements were carried out by a Horiba
LabRam HR-Evolution spectrometer (CHAB laboratories at ATeN center, University of
Palermo) equipped with a 532 nm excitation laser, and ImW nominal laser power, at high
resolution (4 cm 1). The sample was put inside a high pressure Linkam THMS600PS cell
at T=423 K (heating ramp 100 K/min) in atmospheric pressure and monitored starting from
10 minutes up to 1 hour, recording Raman spectra.

3.4 XRD instrumentation

Powder X-rays diffraction patterns reported in this Thesis were carried out using a Bruker
D5000 diffractometer at the CNR-ISMN of Palermo.

During a XRD measurement, an appropriate X-ray energy beam is sent on a sample
and the emerging beam is studied. The diffractometric analysis consists in measuring the
diffraction angle of X-ray beam diffracted by sample. The XRD measurements reported in
this Thesis have been acquired in Bragg-Brentano geometry, as shown in Fig. 3.6 [179].

The heart of a diffractometer is its goniometer. In the Bragg-Brentano geometry, both
source and detector are on the circumference of a goniometer circle whose center is occu-
pied by the sample, as shown in Fig.[3.6] X-rays source is a vacuum-sealed tube and, after
a series of slits, the collimate incident X-ray beam hits the sample with a certain g incident
angle, that is de ned between the X-ray source and the sample. The diffraction angle, 2q,
is de ned between the incident beam and the detector. This latter moves in a circle around
the sample to cover all the angles of interest and it counts the number of scattered X-rays
observed at each angle as signal intensity. The distance source to sample is equal to that
sample to detector [179].

In our experiments, a lcy ka = 0:154 nm as wavelength incident on the sample was
used. The diffraction patterns were acquired at T=300 K in ambient atmosphere and by
using an SiO, zero-diffraction plate under the sample in powder form. The XRD data were
collected in the angular range of 4 60 in 2q using a 0.01 step size.
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Figure 3.6: Diffractometer in Bragg-Brentano geomery [[179]

3.5 Nitrogen adsorption instrumentation

Nitrogen adsorption isotherms reported in this Thesis were recorded on a Micromeritics
TriStar 11 3020 V1.03 at the Laboratory for Catalysis and Sustainable Chemistry of Paul
Scherrer Institut (PSI).

This instrument is a volumetric adsorption apparatus, based on pressure measurements,
able to perform measurements on three samples at a time. The volumetric apparatus consists
of a calibrated volume, manifold, a three-port sample manifold, a dedicated tube for measur-
ing saturation pressure, a source of adsorptive gas, and a series of valves [180], as shown in
Fig.3.7)

During a typical analysis, the manifold, sample tubes, and the tube for measuring satu-
ration pressure are evacuated. After a suf cient vacuum has been achieved, by opening the
communication valve between the gas reserve and the manifold, it is lled with the same as
an aliquot of adsorbing gas. The valve is closed and the pressure and the gas temperature
are measured in the manifold. Then, sample port valve is opened to determine the warm
free space of sample. Once the free space analysis is nished, the saturation pressure of the
adsorptive is determined using the special tube. At this point, the sample are cooled to nearly
T=77 K, putting it in a reservoir of liquid nitrogen. The nitrogen is allowed to condense and
the vapor pressure of the nitrogen is easily monitored by a transducer throughout the analy-
sis. The adsorption isotherm is rapidly collected by using the sample valve to dose nitrogen
into the manifold. The pressure and temperature of the nitrogen are recorded, a sample port
is opened, and the nitrogen is allowed to adsorb onto the sample. The quantity of nitrogen
removed from the manifold is recorded as the quantity dosed. The sample valve is then
closed and the adsorption is allowed to proceed to equilibrium. The quantity adsorbed can
be calculated from the quantity dosed minus any residual nitrogen in the sample tube. Then,
the communication with the source of nitrogen gas is opened, and the manifold is charged to
a pressure slightly higher than equilibrium pressure after which the dosing and equilibrium
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Figure 3.7: Schematic diagram of Micromeritics TriStar 11 3020, adapted from [180]

processes are repeated. This cycle continues until the analysis pressure is near saturation
pressure at which time the complete adsorption isotherm has been developed [180].

Before measurements all the samples were degassed at T=400 K under vacuum overnight,
using the same sample cell. Surface areas were determined using the BET method in a rela-
tive pressure range of p=pp = 0:009 0:026.

3.6 SEM instrumentation

SEM images reported in this Thesis work were carried out using an SEM-Oxford LEO 440.

A scanning electron microscope is able to produce a magni ed image of a surface of the
sample in analysis. Its principal components are pictured in Fig.[3.8| [181].

The radiation source used is an electron thermionic emitter, which produces a primary
electron beam. This is focused on a little rectangular zone of the sample by using a system of
electromagnetic lenses, scanning it row by row. The energy of electron beam can be varied in
arange between 0:3 30 keV in steps of 10 V and the electron beam current is continuously
adjustable from 1 pA to 1 mA. The sample chamber holds the specimen to be viewed in
such a way that it may be freely manoeuvred during examination. It is possible to move on
the sample holder by a joystick controller, going on X and Y direction. The chamber may
be opened for examination once the vacuum is released. The vacuum system is given by a
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Figure 3.8: Schematic representation of LEO 440, adapted from [[181]

turbomolecular pump, backed by a rotary pump, mounted on the lower face of the sample
chamber. The electron gun and the column are pumped through the tube running from the
left side of the chamber up to the gun section. Normal operating vacuum is in the range
10 4 10 S torr [181].

This instrument is equipped with to distinct detectors. One for secondary beam electrons
coming from the interaction between primary incident beam and the surface sample and
useful only for morphological information. Another detector for backscattered electrons,
arising from interactions of electrom beam with matter at some microns in depth inside the
sample. We have used only the rst of the two [181].

To make more ef cient the interaction between primary electron beam and sample, it
is convenient in certain cases to coat the sample with some layers of graphite, in order to
make it more conductive. In fact, a coating with graphite by an EMITECH K950X graphite
evaporator was made before SEM acquisitions. All of our measurements were performed
with an acceleration voltage of 4 kV, that is a good value for non-conductive but coated
sample. Furthermore, the images acquired with his instrument had a magni cation of 2000x
and 4000x.



70

CHAPTER 3. EXPERIMENTAL SETUPS



Chapter 4
Materials and treatments

This chapter is devoted to describe the materials employed in the present Thesis and the
treatments to which the samples were subjected.

4.1 Sample preparation

In this Thesis, two different materials were studied and treated: the HKUST-1 MOF and the
HKUST-1/FDU-12 composite material.

The rst material is of commercial origin, purchased from Sigma-Aldrich as Basolite
C 300 [137]. Its chemical formula is Cuz(BTC),(H,0)3 [17,[137]. The material is produced
in powder form with a bulk density of 0.35 g/cm? [17] and a BET surface area comprised
in 1500 2100 m?/g [137]. The material is preserved in inert atmosphere in a glass bottle.
A sample of the commercial HKUST-1 was considered, with mass of about 50 mg. This
sample, named Fresh, was exposed to air only for few minutes, so it represents a pristine
material. After its comprehensive characterization by EPR, XAFS and Raman spectroscopy
and XRD, BET and SEM, it was continuously exposed to air, in a way described in detail
in Sec.[4.2] In some phases of the characterization, HKUST-1 samples were activated with
a procedure described in the following section (Sec. 4.3) and studied by EPR, XAFS and
Raman spectroscopy.

The second material we considered is a composite compound of mesostructured silica
(FDU-12) within whose cavities the HKUST-1 MOF is. The synthesis of this particular
compound was performed by our collaborators at the National Institute of Chemistry of
Ljubljana, Slovenia [158]. One sample of HKUST-1/FDU-12 composite material was com-
pared with an HKUST-1 bulk sample produced by the same laboratory [158], each with mass
of about 70 mg. These two samples were activated before measurements and then they were
characterized in our department by EPR spectroscopy.
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4.2 EXxposure to air experiment

The principal goal of this Thesis is to investigate the effect of a prolonged exposure to air
moisture of HKUST-1 MOF. So, the fresh sample of HKUST-1 was put in the glass tube and
it was continuously exposed to air at T=300 K and 70% relative humidity (RH) for different
times until 180 days. This sample has totally changed its color from navy blue to turquoise
in few minutes.

To perform EPR measurements, the sample was left inside the glass tube, whereas for all
the other characterization, the sample was pulled out from his sample holder and it was put
inside it again after the measurements.

In this Thesis, all the sample of HKUST-1 exposed to air are named using the number of
days of exposure to air.

4.3 Activation Process

The activation process is used to remove guest molecules (solvent or other chemicals used
during the synthesis) from the MOF without compromising its structural integrity and hence
porosity [182, [183]. A conventional strategy to reach this objective is a simple heat and
vacuum treatment. In this way the guest molecules are desorbed from the cavities of the
material [182][183]. The temperature used during the activation process is always lower than
the thermal stability temperature of the material under study. For example, HKUST-1 has a
reasonable thermal stability up to T=513 K [17].

Three different experimental systems were used to perform the activation process, as
described in the follow.

Furnace and Vacuum Pump. The thermal treatments of all the samples here reported
before EPR measurements were performed in an electric furnace equipped with an
internal thermometric sensor and a feedback electronic circuit to stabilize the tem-
perature within 3 K [66]. Furthermore, a vacuum pump was used to complete the
activation process.

In each thermal treatment, after the furnace had reached the pre-set temperature, the
sample inside a glass tube of 0.3 cm of diameter open at one end was placed inside the
furnace. After the insertion of the sample inside the furnace, we observed a tempera-
ture decrease of about T=5 K, value not relevant for the overall treatment. Furthermore,
the correct temperature was reached within 2-3 min. The open end of the glass tube
was connected to the vacuum pump, as showed in the picture reported in Fig.[4.1] The
pressure used during the activation procedure was 9x10°2 mbar.

The display of the furnace reports the temperature measured in C.

The total duration of treatment was of 1 hour. After the end of the activation process
the sample was removed from the furnace and was returned to room temperature at
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Figure 4.1: Picture of the experimental apparatus used to activation process at about T=400 K using
a furnace (to the right) and in vacuum at 0.1 mbar using a vacuum pump (to the left) for 1 hour.

normal atmosphere. In particular, two copies of a fresh and a 20 days samples of
HKUST-1 were activated using this procedure. On these two samples, with same mass
of the main one, were performed EPR measurement at T=300 K before and after the
activation. Thus we have used exactly the same powder sample within the same glass
tube used for the EPR measurements after activation. To preserve the activated sample
from the interaction with the moisture of air, the ends of the tube was capped with
para Im.

Linkam cell. One clone of fresh sample of HKUST-1 was activated and monitored with
Raman spectroscopy. The sample was put inside a high pressure Linkam THMS600PS
cell (AtenCenter, CHAB; http://www.chab.center/home) at T=420 K (heating ramp
100 K/min) in atmospheric pressure and monitored starting from 10 minutes until 1
hour. Temperature ramp and monitoring were executed by the software station of
the Linkam cell. This equipment permitted us to perform a thermal treatment in-situ
during Raman measurement.

Microtomo Furnace. To activated a fresh sample of HKUST-1 before XAFS mea-
surements @BMO8 of ESRF, we used a Microtomo Furnace, available from the in-
strument pool. The system allows full temperature control between room temperature
and about T=1000 K both under vacuum and gas ow, allowing in-situ measurements
during temperature annealing or chemical reactions. The temperature is settled via Eu-
rotherm controller, which allows maximum ramping rate of 10 K/min and really good
thermal stability. We activated the sample at T=400 K and P=5x10"2 mbar.
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Chapter 5

Results

This chapter is devoted to the presentation of the principal obtained results. In particular, in
Sec.[5.1} we report a complete characterization of a fresh HKUST-1 sample. Furthermore, an
activation process on a fresh HKUST-1 was performed and then the sample was monitored
by EPR spectroscopy to study the paramagnetic centers characterizing it, by XAFS and Ra-
man spectroscopy to evidence its structural properties (see Sec. [5.2). After the preliminary
characterization of Sec.[5.1] this sample was exposed to air for different times until 180 days.
During this long period of time, we recognized a decomposition process involving the crys-
talline matrix of the material and we characterized in great detail this decomposition process
by a comprehensive analysis which involves EPR, XAFS, Raman, XRD, BET, and SEM.

In particular, the EPR characterization allowed us to recognize three main stages of the
decomposition process of HKUST-1 upon exposure to air. Each of them is dominated by the
presence of a particular paramagnetic species that we identi ed and described in great detail
from spectroscopic and structural point of view.

E (Cu) paramagnetic center observed during the rst 20 days of exposure to air and
deeply described in Sec. 5.3}

E’1(Cu) paramagnetic center observed from 20 until 50 days of exposure to air and
deeply described in Sec. 5.4}

E’»(Cu) paramagnetic center observed from 50 until 180 days of exposure to air and
deeply described in Sec.[5.5

Moreover, section Sec. [5.6] contains the EPR analysis of the HKUST-1 MOF inside the
mesoporous cavities of FDU-12 silica.
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5.1 Fresh sample of HKUST-1

5.1.1 EPR characterization of fresh HKUST-1

We characterized a fresh sample of HKUST-1 by EPR spectroscopy at both T=77 K and
T=300 K, as reported in Fig.[5.IJand Fig.[5.2] respectively.
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Figure 5.1: EPR spectrum of a fresh sample of HKUST-1 acquired at T=77 K. A main resonance is
evident at Bo=325 mT and two smaller contributions at about Bo=12 mT and By=470 mT.

In the EPR spectrum showed in Fig. [5.T] three distinct contributes are evident: (i) a main
resonance centered at Bo=325 mT and peak-to-peak line width of about DBpp,=24 mT, on
which traces of an hyper ne structure are barely evident, and (ii) two smaller contributions
at about Bp=12 mT and Bp=470 mT.

In accordance with literature [43}[111)[112,[113], the central resonance peaked at By=325
mT is assigned to the monomeric complex [Cu(OH,)g]%*, which involves a Cu?* ion, with
electron spin S=1/2, coordinated with six water molecules and not connected with the frame-
work of HKUST-1. It presumably is a defect formed during the material synthesis [43]. The
hyper ne structure, composed by four lines, is due to the interaction of the Cu?* electron
spin S=1/2 with its nuclear spin 1°Y=3/2 [43].

Furthermore, two smaller peaks at about Bg=12 mT and By=470 mT are evident in the
EPR spectrum acquired at T=77 K. These are due to a randomly oriented triplet center with
axial symmetry, as discussed in Sec. [2.2.1] This paramagnetic center with S=1 electron
spin, hereafter named E (Cu) [184], originates from the antiferromagnetic coupling between
the two spin S=1/2 of the couple of Cu?* ions involved in each paddle-wheel, as already
discussed.

Otherwise, the EPR spectrum of fresh sample acquired at T=300 K, showed in Fig.[5.2} is
constituted by a very broad and symmetric signal centered at Bo=319 mT and with a peak-to-
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Figure 5.2: EPR spectrum of a fresh sample of HKUST-1 acquired at T=300 K.

peak line width of about DBp,=100 mT, hiding the EPR features detected at low temperature.
The origin of the observed spectroscopic changes is related to the phenomenon of exchange
narrowing caused by the stochastic spin triplet exchange between the interconnected paddle-
wheels, as already discussed in Sec.[2.2.1]

The saturation properties with microwave power of the EPR signals were studied both at
T=77 K and T=300 K for the paramagnetic centers identi ed from EPR spectra of Fig. 5.]]

and Fig.[5.2] as reported in Fig.[5.3] Fig.[5.4and Fig.[5.5

In particular, we considered the normalized square of peak-to-peak amplitude of the EPR
central line at T=77 K for the monomeric S=1/2 center; the normalized square of peak-to-
peak amplitude of the peak at Bp=12 mT and the normalized square of peak amplitude of
that at Bo=470 mT, after an opportune subtraction of a baseline, for the S=1 triplet center.
Furthermore, we took into account the normalized square of peak-to-peak amplitude of the
whole EPR signal at T=300 K for the S=1 triplet center. In each saturation curves reported
below and in the following sections, the dimensions of the points are representative of the
error bars associated with the experimental estimation.

As expected, the graph of Fig. 5.4 shows the same linear dependence with the microwave
power of the two peaks pertaining to the resonance EPR signal of E (Cu). Furthermore, the
triplet center E (Cu) shows a linear dependence with the microwave power up the maximum
value achievable with our EPR spectrometer, both at T=77 K Fig. [5.4/and T=300 K Fig.[5.5
On the contrary, the monomeric S=1/2 center, detectable only at T=77 K, grows linearly
with the microwave power up to 3 mW, whereas a deviation from the linear dependence
was observed for higher power due to the occurrence of the saturation effect (see Fig.[5.3).
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Figure 5.3: Saturation with microwave power of the EPR signal of the monomeric S=1/2 center
acquired at T=77 K. The linear dependence of the squared EPR signal as a function of P is evidenced
by the straight line.
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Figure 5.4: Saturation with microwave power of the two main peaks of the triplet S=1 E (Cu) center
acquired at T=77 K. For EPR signals we mean a peak-to-peak amplitude for peak at lower magnetic

eld and the value of the amplitude of the peak at higher magnetic eld after the subtraction of an
opportune baseline. The linear dependence of the squared EPR signal as a function of P is evidenced
by the straight line.

5.1.2 XAFS characterization of fresh HKUST-1

A fresh sample of HKUST-1 MOF was also characterized by XAFS spectroscopy on Cu
K-edge (8979 eV), in both XANES and EXAFS regions. To our knowledge, such a sample
was never characterized before by XAFS spectroscopy. Thus our characterization represents
a new element in literature [185].

In Fig. 5.6, a comparison between the normalized absorption edges of fresh sample of
HKUST-1 and the reference compounds of copper ion in different oxidation states is re-
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Figure 5.5: Saturation with microwave power of the EPR signal of the triplet S=1 E (Cu) center
acquired at T=300 K. The linear dependence of the squared EPR signal as a function of P is evidenced
by the straight line.

ported. The standard are Cu foil, Cu,0, and CuO, characterized by 0, +1 and +2 oxidation
state of the metal ion, respectively [69].
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Figure 5.6: Normalized absorption m(E) curve of a fresh HKUST-1 sample (black line) and the three
reference compounds (Cu foil navy, Cu,O purple, and CuO magenta).

The edge positions, de ned as the maximum point of the rst derivative function in the
rapidly rising edge step of the absorbance vs. energy plot, have been found to be 8979.1 eV,
8980.4 eV, and 8990.7 eV for Cu foil, Cu,0, and CuO, respectively. This shows the increase
in edge energy as the oxidation number increases, which is an established fact [22, [186].
From the comparison among the normalized absorption m(E) curves reported in Fig. 5.6,
it results evident that the fresh sample shows nearly identical edge energy to that of the
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reference CuO. Furthermore, from the evaluation of the maximum of the rst derivative of
the absorption spectra for this sample we obtained an edge energy of 8990.3 eV, closer to
8990.7 eV of the reference compound CuO. This estimation of edge positions suggests the
divalent oxidation state of copper ion in this sample.

From the analysis of the positions of the two pre-edge peaks we obtained a 1s ¥ 3d tran-
sition at 8977.7 eV and 1s ¥ 4p transition at 8985.2 eV, whereas the white line is at 8998.8
eV.

In order to get detailed information about the local environment of Cu?* ions in a fresh
sample, we investigated its EXAFS signal. The cluster used to tdata is only a portion of the
matrix of HKUST-1, that within a distance of a few of A from the absorber Cu atom. Thus
we considered the paddle-wheel moiety with two axial water molecules, Cu,(CO,)4(H,0),,
as pictured in Fig.[5.7,

- Cllass=On
w— CUabs-Ow
- Culans-Cul
= CUars-C
Cuas-C-0O:
= CUas-O2

Figure 5.7: Cuy(CO;)4(H,0), cluster model used for EXAFS analysis. In this schematic represen-
tation, we labeled the atoms involved in scattering path used in tting procedure. Hydrogen atoms
of water molecules are omitted for clarity. Copper ions are blue, whereas oxygen and carbon atoms
are red and brown, respectively. Furthermore, we evidenced the path used for EXAFS analysis: (i)
the Cugps-O1 path in gray; (ii) the Cugps-Ow path in blue; (iii) the Cugaps-Cu path in orange; (iv) the
Cuaps-C path in magenta; (v) the Cugps-C-O1 path in yellow; and (vi) the Cugns-O» path in green.

The scattering paths used in the EXAFS analysis included ve single scattering (SS)
and one multiple scattering (MS) path. In particular, we considered: (i) the scattering path
between Cugps i0n and the four basal oxygen atoms directly bonded to the Cugps (Cugps-O1);
(ii) that one between Cugps ions and the single oxygen atom pertaining the water molecule
adsorbed on Cugps (Cuans-Ow); (iii) the scattering path between the two copper ions of the
paddle-wheel (Cugps-Cu); (iv) that one between Cugps ions and the four carbon atoms of
the carboxylate bridges (Cuaps-C); (V) the multiple scattering path which involves oxygen
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and carbon atoms (Cugps-C-O1); (vi) the single scattering path between Cugg ion and the
four oxygen atoms directly bonded to the other copper ion of the same paddle-wheel (Cugps-
05,). These scattering paths were suf cient for simulating the Fourier transforms of EXAFS
experimental data in 0.98 3.09 A range, in a good accordance with literature [18, [103].

In Fig. 5.8 (a-b), we report the experimental and tted curves of the modulus and imag-
inary component of the data in R-space of Fourier Transform of EXAFS signal in 0 3.5
A, whereas the k3c (k) function in k-space is in 2 14 A 1. Moreover, in both graph, we
evidence the contributions of each scattering path considered to the EXAFS experimental
signal.
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Figure 5.8: (a) Fourier Transform of EXAFS signal in 0 3.5 A and (b) k3c (k) functionin2 14 A !
of fresh HKUST-1 sample. More precisely, we indicated with lines the modulus and with scattered
points the imaginary component of the Fourier Transform in (a). In black we marked the experimental
data, in red the t. The other colors indicate the scattering path used to perform the tting procedure.
The color code is the same for both (a) and (b) panel.

As shown in Fig. 5.8 (a), the modulus of the Fourier Transform of EXAFS signal of
this sample is characterized by a main signal contribution at about 1.5 A (the spectra are
corrected in phase) and other contribution less intense at longer distance from the absorber
Cuzps atom. An analogue consideration can be done for the k3c (k) function Fig. (b), in
which is evident a principal contribution arising from the rst shell.

The optimized parameters obtained by tting are summarized in Table 5.1 whereas, the
experimental Fourier Transform of EXAFS signals of the investigated fresh sample and its
t are presented in Fig.[5.9] in all modulus, real, and imaginary components.

The comparison between experimental and tted Fourier Transform of EXAFS signals
of fresh sample evidences a very good accordance in all modulus, real and imaginary com-
ponents. This fact is also evident in the low value of the R-factor (see table[5.1).
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Table 5.1: EXAFS tting results for a fresh sample of HKUST-1.

Scattering path Neoor R(A) s2(A%) DE(eV) R-factor
CugpsO1 3.8 195 0.005 3.1 7.92%
CUapsOw 0.8 225 0.001 3.1
ClapsCU 1.0 254 0006 23
ClupsC 3.8 280 0009 3.1

CupsC-O, 7.6 302 0001 31
Cugps O 3.8 3.17 0.022 3.1

For the six scattering paths used to simulate the experimental curve, the table reports the optimized parame-
ters: (i) the coordination number (bby); (i) the absorber to scatterer distance (R); and (iii) the DebyeWaller
factor (6 2); (iv) the energy shiftDE(eV)); (v) the R-factor value, which is the minimized function of tting
parameters [187]. Uncertainty is 10% fogdyh, 0.02A for R, and on the last digit fos 2.

Figure 5.9: Fourier Transform of EXAFS signal of a fresh sample of HKUST-1. We indicated with
points the experimental data and with lines the best t. The different colors correspond to modulus
(black), real (red) and imaginary component (blue).

5.1.3 Raman characterization of fresh HKUST-1

The further characterization that we performed on a fresh sample of HKUST-1 is by Raman
scattering. Its Raman spectrum is reporte#ig [5.10. All the recorded Raman spectra pre-
sented in this Thesis were subtracted by a baseline and subsequently normalized with respect
to the intensity of the band at1000 cm!. We choose this peak for the normalization be-
cause it is well known that it is a very stable signal as it is related to the symmetric stretching
of the C=C bonds in the rigid benzene rings|[37,/38,/ 103] 122].

Our experimental spectrum was compared with one, present in literature, of a sample
exposed only for few hours [122] to air. The reason is that the water adsorption in HKUST-1
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