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ABSTRACT: The effect of nanosize and structural disorder on the MgCl2 support of Ziegler-Natta catalysts has been investigated 
in terms of induced changes to its vibrational spectroscopic fingerprint. In particular, the inelastic neutron scattering (INS) technique 
was used, which allowed sampling of the whole lattice dynamics of the support. The experimental INS spectra of several ball-milled, 
polycrystalline, samples of MgCl2 were collected for the first time and were compared to simulated spectra from quantum-mechanical 
density functional theory calculations. Theoretical calculations were performed on a variety of MgCl2 structural models: i) ordered 
and disordered bulk (3D); ii) low-dimensional structures such as surfaces (2D) and nano-rods (1D); and nano-clusters (0D). This 
allowed us to link specific features of the spectra to specific changes in the atomic structure and dynamics of the catalyst support. In 
particular, the effect of translational symmetry breaking and rotational disorder is discussed. Furthermore, the present data suggest 
that the ball-milling process mostly leads to the formation of bulk-like crystallites rather than nano-particles. This work ultimately 
highlights the combined use of INS measurements and quantum-mechanical simulations as an effective approach for the atomistic 
characterization of defective (nano)-materials.  

1. Introduction 

The loss of long range order (i.e. periodicity in at least one di-
rection) in extended solids is a key feature that determines not 
only their intrinsic physical and chemical properties, but also 
their relevance for optical, electronic, magnetic and catalytic 
applications. 1,2 Therefore, there is much interest in finding syn-
thetic procedures that enable full control of the shape - and thus 
properties - of nano-objects (such as surfaces, rods, nanotubes, 
nano-crystals).3,4 Despite the great impact that nano-particles 
with controlled morphology had in many fields, it is still diffi-
cult to control, design or even predict their shape.5,6,7,8,9  

The majority of industrial catalysts are constituted from high-
surface-area supports with a nano-sized active phase dispersed 
on top. 10 The effect of particle size on the performance of the 
catalyst has motivated extensive studies on the fundamental as-
pects governing crystal growth. The concept of a thermody-
namic “equilibrium shape" of nano-crystals, originally formu-
lated by Wulff,11 has recently been complemented with the anal-
ysis of the kinetic growth rate of different facets and the kinetics 
of transformation of a “growth shape” into the “equilibrium 
shape”, at a given temperature.12,13 Another key factor that 
should be taken into account when referring to nano-catalysts is 
the effect of adsorbates, which may influence the relative sta-
bility of the catalyst nanoparticles exposed surfaces and lead, 
depending on the experimental conditions, to their reconstruc-
tion.9,14–17 A number of advanced experimental techniques have 
been developed for the direct (Transmission Electron Micros-
copy, TEM, and Scanning Tunneling Microscopy, STM) and 

indirect (X-ray based methods such as Small-Angle X-rays 
Scattering or X-ray Absorption Spectroscopy) characterization 
of the morphology of nano-particles.13,18–21 Such developments 
progressively increased the resolution towards the atomic scale 
thus fostering the development of experimental tools suitable 
for the characterization of nano-catalysts in the presence of ad-
sorbates. However, in most cases, a full elucidation of the struc-
ture-properties relation of these systems requires a complemen-
tary quantum-mechanical description. 

The nano-sizing is not the only means to reduce the crystal pe-
riodicity. Disorder can have a similar effect. For example, the 
stacking faults commonly occur in crystals with close-packed 
lattices. For a regular cubic close-packed (ccp) lattice, the stack-
ing sequence of the layers is ABCABCABC. However, the 
stacking faults can be introduced, disrupting the stacking se-
quence (e.g. ABCABABC). 22 Due to the typical low energy 
barriers for the incorporation or removal of these atomic planes, 
these defects can be easily formed.  

Nano-size and disorder are key features of many catalysts and, 
among others, of MgCl2-based Ziegler-Natta catalysts for olefin 
polymerization.22–24 These catalysts represent the industrial 
evolution of ‘‘violet’’ (α, γ and δ) TiCl3 polymorphs25 for the 
production of isotactic polypropylene. In this context, we have 
recently performed a systematic study of a series of mechani-
cally and chemically activated MgCl2 nano-samples, aimed at 
analysing their structure, type and extent of disorder, size and 
morphology.26,27 Quantum mechanical simulations suggested 
that stacking faults in MgCl2 have a vanishing thermodynamic 
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cost.27 The complementary use of powder X-ray diffraction 
(PXRD) and pair distribution function (PDF) analysis enabled 
the determination of the type and the extent of disorder.26 Far-
IR spectroscopy coupled with quantum-mechanical simulations 
and complemented by FT-IR spectroscopy of CO adsorbed at 
100 K gave a comprehensive picture of the morphology of 
MgCl2 nanoparticles and of their surface properties. 27  

 

 
 

Scheme 1. Schematic representation of the synthesis process for the 
MgCl2 investigated in this work and of the phenomena involved. 
Red layers indicate the insertion of disorder (either translational or 
rotational).  

 

Herein, we extended that investigation by specifically looking 
at the lattice dynamics of MgCl2 systems by means of Inelastic 
Neutron Scattering (INS) spectroscopy, which is a valuable 
method to probe the motion of atoms within a material and 
hence understand the structural disorder of nano-sized systems. 
INS measurements do not limit the sampling to the Brillouin 
zone centre – in contrast with other vibrational spectroscopies 
such as infrared and Raman - and they are not constrained by 
symmetry selection rules. This implies that all the vibrational 
modes are allowed and in principle visible in an INS spectrum, 
provided that the neutrons scattering cross-section of the spe-
cies involved and the amplitude of motion of the atoms in the 
vibrational mode are sufficiently large. Neutrons deeply pene-
trate the matter for large distances before being scattered (or 
absorbed), so they ‘‘see’’ everything and the spectra are repre-
sentative of both the bulk and the surface of the materials. As a 
consequence, the phonon modes of nano-crystalline domains 
may be different from those of bulk, since surface modes may 
be dominated by surface effects. 28  

The ability of INS to detect such surface effects resides in the 
choice of high surface area materials where the ratio of atoms 
at the surface and in the bulk is large. Although INS has been 
adopted to investigate a variety of materials, 29 it has been often 
overlooked in the field of catalysis, 30 mainly as a consequence 
of the poor range of sensitivity of the first neutron instruments. 
Only recently, has INS started to be applied to catalysts in the 
presence of adsorbates. Examples include the investigation of 
Pd- or Pt-based catalysts in the presence of hydrogen, 30–34 or 
the study of molecular mobility in zeolites. 35 

Despite the relatively large total scattering cross section of chlo-
rine (16.8 barn), which makes it a suitable target for INS, the 
investigation of systems like MgCl2 with neutron spectroscopy 

remains scarce.36 Going beyond the target of a simple identifi-
cation of chemical species through INS, the present study aims 
to show the potential of INS in the characterization of nano-
sizing and disorder effects in MgCl2-based materials. The anal-
ysis of experimental INS data is complemented with a detailed 
theoretical characterization by means of quantum mechanical 
calculations of several nano-sized and disordered models, that 
help provide insight into the origin of the observed changes in 
the INS spectra.  

 

2. Methods 

2.1. DFT modelling 

All calculations were performed with the help of the periodic 
quantum mechanical CRYSTAL17 software. 37–40 Calculations 
were performed by using the B3LYP functional 41 augmented 
with a correction to include dispersion forces according to 
Grimme’ s semi-empirical DFT-D242–44 approach with the em-
pirical term refitted for crystalline systems.45 TZVP quality ba-
sis sets have been employed for Mg atoms46 and Cl atoms 47, 
except for the outer-most sp and d shells of Cl and Mg 48, where 
the exponents have been adjusted at the values reported in a pre-
vious paper by some of us from energy minimization of the cu-
bic packed MgCl2 α-form unit cell.48,49  

Due to the size of the atomistic models investigated in the pre-
sent work (vide infra), the massively parallel distributed data 
version of the code (MPPCrystal) has been employed, which 
features an excellent strong scaling due to the very high degree 
of parallelization of the code. 40,50 A reduced required memory 
per core is also a valuable feature of the present code. Both these 
features are key for an effective quantum-mechanical investiga-
tion of large systems (containing several hundreds or thousands 
of atoms per cell), with little or no point-symmetry. Calcula-
tions were performed at the SuperMUC phase-1 (LRZ, Ger-
many) HPC IBM iDataPlex machine powered by 16 Intel cores 
per node running at 2.7 GHz, with 2GB/core and SCARF facil-
ities at Rutherford Appleton Laboratories. The largest calcula-
tions were run on 1024÷2048 cores.  

Pack-Monkhorst grids 51 for sampling the reciprocal space were 
used. These consisted of at least 16 k-points in the First Bril-
louin Zone, depending on the examined system (further details 
are provided later on and in the Supporting Information section 
for each model system). 

The truncation of the Coulomb and exchange infinite lattice se-
ries is controlled by five thresholds Ti (see CRYSTAL17 man-
ual for more details), which have been set to 8 (T1–T4) and 16 
(T5). The convergence threshold on energy for the self-con-
sistent field (SCF) procedure has been set to 10-8 Ha for the 
structural optimization, and to 10-13 Ha for the vibration calcu-
lations. Full relaxation of internal coordinates and cell parame-
ters has been carried out. 

 

2.2 Vibrational frequencies and phonon modes  

Harmonic phonon frequencies p at the  point (i.e. the center 
of the first Brillouin zone, FBZ, in the reciprocal space) were 
obtained from the diagonalization of the mass-weighted Hes-
sian matrix of the second energy derivatives with respect to 
atomic displacements u by using algorithms implemented in the 
CRYSTAL program. 52,53 

Sampling of phonon dispersion inside the FBZ is obtained by 
building and diagonalizing a set of dynamical matrices for a set 
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of k points in the FBZ. A “direct space” approach 54–57 is here 
used, which allows to build such dynamical matrices from a 
Fourier transform of the elements of direct space Hessian ma-
trices computed within a super-cell, SC, of the crystallographic 
cell. From the diagonalization of dynamical matrices, normal 
modes and corresponding vibrational frequencies are sampled 
over the FBZ. 

Long-range electrostatic contributions to the force constants are 
accounted for by means of an approach presented by Wang and 
collaborators 58 in combination with Fourier interpolation. This 
mixed-space approach is implemented in CRYSTAL for 3D pe-
riodic systems and has been documented to provide accurate 
phonon dispersions and phonon density of states (PDOS) for 
systems of different symmetries. 58 For low-dimensional peri-
odic systems (< 3D) only a direct method has been applied in-
volving the adoption of larger super-cells to fully-converge the 
long-range electrostatic terms. Systems under investigation 
have periodicity ranging from 3D to 0D and both ordered and 
disordered 3D systems have been considered. For calculating 
the force constants in real space, 3×3×3, 3×3×4, 4×4×2 super-
cells have been adopted for the ordered hexagonal cell of α-
MgCl2 and disordered bulk models as reported by some of us in 
a previous paper.27 To further check the numerical accuracy of 
our computational approach, test calculations were performed 
with different basis sets, and Fourier and Wang 58 interpolation 
parameters on smaller 2×2×2 super-cells. Heyd and Peintinger 
59 basis set, along with a customized basis set (see Table S-1 in 
the Supporting Information). 

 

2.3 Simulation of the INS spectra 

Our data include both coherent and incoherent scattering from 
samples that are both polyatomic and polycrystalline. In the 
case of scattering from single crystals, the scattering vector 𝑸 
has a definite orientation with respect to the reciprocal space of 
the single crystal, while in powder samples, the averaging over 
the various grains is equivalent to averaging over all orienta-
tions of the scattering vector. In the incoherent approximation,60 
it is proposed that the rotational averaging due to the powder 
nature of the sample cancels out correlations between distinct 
atoms. This approximation brings to the following formulation 
of the neutron scattering function: 
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where ga(ω) is the atomic partial density of state. With this, 
much simpler, expression we can transform our (Q, ω) dataset 
into the phonon density of states, only supplying the mean-
squared displacement and atomic composition. The neutron–
weighted phonon density of states is the sum of the partial com-
ponents of the density of states weighted by the scattering cross 
section integrated over all Q. This may not find a complete cor-
respondence with the experimental data obtained on the instru-
ment where Q is limited to specific values, but the approxima-
tion generally does not sensibly modify the relative peak inten-
sities and does not affect difference spectra. The consistent ap-
plication of such an approximation to all simulated spectra may 
keep their quantitative comparison valuable. 

 A detailed treatment of neutron scattering for single crystal and 
polycrystalline samples can be found elsewhere.61 

Neutron weighted phonon density of states are here computed 
quantum-mechanically from the full phonon dispersion of the 

different models.62,63 The total phonon density of states is de-
fined by the formula: 

𝑔(𝜔) =
1
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where 𝑉𝐵𝑍 is the volume of the Brillouin zone and N is the num-
ber of atoms per crystallographic cell, so that ∫ 𝑔(𝜔)𝑑𝜔 =
3𝑁. This total density of states can be partitioned into atomic 
contributions: 𝑔 = ∑ 𝑔

𝑎
(𝜔)𝑥𝑎𝑎 . For each atomic species a 

present in the system with a fraction 𝑥௔, the corresponding con-
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Where 𝑒௣,𝒌;௔ are the eigenvectors of the dynamical matrices. 

A neutron-weighted phonon density of states (NWPDOS) can 
be defined as 62: 

𝑔𝑁𝑊(𝜔) = 𝐶 ෍
𝜎𝑎

𝑀𝑎
𝑎

𝑔
𝑎
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Where C is a normalization factor to satisfy ∫ 𝑔ேௐ(𝜔)𝑑𝜔 =
3𝑁, and where each atomic species is weighted by a factor that 
is the ratio of the corresponding scattering cross section and 
mass.64 A thermal correction to the computed NWPDOS is not 
applied because the comparison is performed with experimental 
spectra recorded at 15 K. 

Due to the different ratios 
ఙೌ

ெೌ
 for Mg and Cl of 0.15 barn 

mol/g and 0.39 barn mol/g, respectively, the spectra are dom-
inated by Cl atoms.  
The normal modes are analysed and those largely involving Cl 
atoms used to characterize the spectral features due to bulk, sur-
faces and/or border atoms.  

Finally, the energy resolution in the experimental measure-
ments would affect the comparison with computed NWPDOSS 
we are going to show in section 4.3, hence similarly to what can 
be done on S(Q, ω) by Mantid65 for indirect-geometry instru-
ments such as TOSCA, the simulated data were convolved with 
an experimental resolution function 𝑓(𝜔) of the form: 

 𝑓(𝜔) =
ଵ

ඥଶఙమ(ఠ)గ
𝑒𝑥𝑝 ቀ−

ଵ

ଶ

ఠమ
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where: 

𝜎(𝜔) = 𝐴𝜔ଶ + 𝐵𝜔 + 𝐶 

A, B, C being instrument dependent constants. 

 

3. Experimental details 

Three MgCl2 samples characterized by increasing surface area 
were measured. A highly crystalline MgCl2 sample was donated 
by Toho Titanium Co., Ltd. (MgCl2 A, specific surface area 
(SSA): 9.3 m2/g). MgCl2 B and MgCl2 C were obtained by plan-
etary ball-milling the initial highly crystalline MgCl2 A sample 
for different times, resulting into SSA of 55 m2g-1 and 73 m2g-

1, respectively. The same three samples have been the subject 
of a detailed characterization in our previous works,26,27 ensur-
ing high purity and good reproducibility. In particular, accord-
ing to the structural analysis in Ref. 34, the average dimensions 
of MgCl2 particles are 55×55×42 nm3 in A, 16×16×13 nm3 in 
B, and13×13×8 nm3 in C.  

The experimental INS spectra were recorded at 15 K using the 
TOSCA spectrometer at the ISIS spallation Neutron and Muon 



4 

Source (Rutherford Appleton Laboratory, UK)32,66,67, with a 
ΔE/E resolution of 2 %. The samples were inserted in a thin 
aluminum envelope and placed into In-wire sealed Al cells. All 
the manipulations were performed inside a glove-box to prevent 
contamination by moisture. The cell was then inserted in a du-
plex CCR cryostat and cooled down. The INS signals from sam-
ple scattered neutrons were recorded by detectors both in for-
ward and in backward directions for about 10 hours per sample, 
then they were extracted and combined using Mantid soft-
ware.65 The neutron beam area at the sample position is 45 mm 
× 45 mm ensuring that the whole sample contained within alu-
minum envelope was measured. The spectra were normalized 
in relation to sample mass (ca. 7 g per sample) and incoming 
proton current (ca. 2000 μA per sample) values, in order to al-
low a quantitative comparison. 

  

4. Results and Discussion 

 

In the following, we will first discuss the experimental INS 
spectra of three MgCl2 samples having a progressively increas-
ing specific surface area. Then, the ab initio simulated INS 
spectra obtained for different MgCl2 model systems will be pre-
sented, starting from the bulk and ordered α-MgCl2 model and 
moving to models that account for disorder effects in the bulk 
and nano-sizing effects (2D, 1D and 0D models). 

 

4.1 Experimental INS spectra  

Figure 1 shows the experimental INS spectra of MgCl2 A, 
MgCl2 B and MgCl2 C. The three spectra have been normalized 
to the sample mass. In order to highlight the effect of ball mill-
ing on the spectral features, Figure 1 reports also the difference 
spectra (ΔS(Q, ω)) obtained by subtracting to the spectra of 
MgCl2 B and MgCl2 C by their respective preceding one in the 
series. The largest part of information in the plot of total S(Q, 
ω) vs. energy transfer falls in the 60 – 400 cm-1 range, where 
several well defined bands are observed at ~100 cm-1 (doublet), 
162 cm-1 (with a shoulder at ~170 cm-1), 200 cm-1, 236 and 251 
cm-1.  

At a first glance, INS spectra appear much richer in details than 
the corresponding Far-IR spectra, 27 which are dominated by a 
very broad band centred at ~243 cm-1, with a shoulder at 295 
cm-1 and two weaker bands at ~370 and 410 cm-1. Far-IR spec-
troscopy turned out to be sensitive to the morphology of the 
MgCl2 nanoparticles (i.e. to the relative extent of the exposed 
surfaces), while quantum mechanical simulation revealed that 
it was almost insensitive to the MgCl2 disorder.27 The unprece-
dented detail of our INS spectra together with the newly per-
formed simulations will now permit to complement and extend 
our previous work shedding light on the disordering and nano-
structuration effects. 

 

Figure 1. INS spectra of MgCl2 A, MgCl2 B, MgCl2 C samples 
and their differences. See the text for further details.  

All the INS bands are sensitive to a different extent to the ball 
milling time and either decrease in intensity or slightly shift in 
position (or both) by moving from MgCl2 A to MgCl2 C. The 
most affected bands are those at 200, 236 and 251 cm-1, which 
decrease in intensity at longer ball milling times. It is widely 
recognized 22,23,26,68 that increasing the ball milling time brings 
about an increase in MgCl2 disorder (introducing both stacking 
and rotational disorder), a decrease in the particle size and a 
change in morphology (i.e. in the type and relative extent of the 
exposed surfaces). In order to understand which one of these 
three effects mainly affects the INS spectrum of MgCl2 we un-
derwent a comprehensive quantum mechanical computational 
work.  

 

4.2 Simulation of the INS spectra: atomistic models and 
approach 

We considered various atomistic models of decreasing dimen-
sionality (from 3-D and 0-D models) that mimic disorder and 
nano-sizing effects. More in detail, by starting from the crystal-
line structure of α-MgCl2, two types of disorder were simulated 
(Figure 2A), as already done in our previous work 27: a) a trans-
lational stacking fault was simulated by alternating layers of α-
MgCl2 (which has a ABCABC sequence) with layers of β-
MgCl2 (having a ABABAB sequence), to create the δtrans form 
22,24,68; b) a rotational disorder was simulated from α-MgCl2 by 
a simple rotation of one layer of 60° around the c axis, resulting 
into the δrot model. 2-D systems were modelled as slabs of well-
defined thickness, as described in previous papers by some of 
us. 9,48,69 Slab models were built to simulate MgCl2 surfaces of 
interest for their role in Ziegler-Natta catalysts, namely the 
(104) and (110) faces, along with the ubiquitous basal (001) one 
(Figure 2B).  

To model the presence of edges in nano-sized catalysts, the 
(110)/(104) edge was also explored, by creating a 1-D infinite 
rod generated by intercepting the two faces (Figure 2C). Finally, 
a nanocrystal (formed by 240 atoms) having the crystalline 
structure of MgCl2 but a finite size was also modelled (Figure 
2D). The model was designed by cutting the α-MgCl2 crystal 
according to the Wulff polar plot predicted for α-MgCl2 on the 
basis of the Gibbs free energy of formation of surfaces (Gs). 
This nanocrystal represents a model for the most stable thermo-
dynamic morphology at 298 K.3 The polyhedron has been ob-
tained by cutting the crystal along the largest extended families 
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of planes (104), (012), (001) with further cuts along (110) 
planes that are supposed to be the theatre of catalysis.  

All the model systems investigated in the present work are ex-
pected to be representative of typical local structures occurring 
in MgCl2 adopted in Ziegler-Natta catalysis.  

 

Figure 2. Ordered and disordered 3D models for MgCl2 (panel A) 
as well as low-dimensionality models ranging from 2D to 0D 
adopted for simulating the INS spectra. In models of disordered δ 
forms, the faults have been indicated by red asterisks. Panel B) re-
ports main surfaces of interest in catalytic processes (110) and 
(104) together with the basal (001) surfaces; whereas in panel C) a 
polymeric model (i.e. 104/110 rod) is reported. The nanocluster in 
panel D) is obtained according to the Wulff’s polar plot as already 
reported in reference.27 All structures represent local topologies 
typical of poly-crystalline MgCl2 adopted in Ziegler-Natta cataly-
sis.  

 

4.3 Prediction of INS spectra for ordered and disordered 
bulk MgCl2  

The simulation of an INS spectrum for a crystalline material re-
quires the calculation of the vibrational spectrum in reciprocal 
space points other than Γ from the Hessian matrix on a supercell 
of the original primitive cell. To achieve well-converged neu-
tron spectra that can be reliably compared to the experimental 
ones we have to decide how much dense the reciprocal space 
sampling need to be. Such convergence trend is analyzed in this 
work as a function of the number of k-points used for integra-
tion in the reciprocal space. The method implies the construc-
tion of consistent supercells in each case. On this purpose, for 
ordered α-MgCl2 (the most stable polymorph of MgCl2 at TPS), 
phonon dispersion calculations have been performed on super-
cells of increasing size, namely 2×2×2 (72 atoms), 3×3×3 (243 

atoms), 3×3×4 (324 atoms) and 4×4×2 (288 atoms). Computa-
tional details are reported in Table S-1 in Supporting Infor-
mation.  

 

Figure 3. Neutron-weight corrected DOS (full lines) simulated for 
ordered bulk α-MgCl2 by means of supercells of increasing size, 
compared to the experimental INS spectrum of MgCl2 B (dotted 
line). 

Figure 3 shows the neutron-weighted phonon density of states 
for ordered α-MgCl2 simulated for different supercells of in-
creasing dimension, compared to the experimental INS spec-
trum of MgCl2 B. With the only exception of the spectrum ob-
tained for the smallest 2×2×2 supercell, which shows a much 
larger number of bands than the experimental one, the other 
models consistently describe the experimental scattering func-
tion in terms of number of bands and position, while there are 
some discrepancies in terms of their relative intensities. In par-
ticular, the intensity of the band at 236 cm-1 is underestimated, 
while that of the band at 251 cm-1 is overestimated, resulting in 
an inversion in the relative intensity of the two bands with re-
spect to the experimental spectrum. Higher order effects, such 
as contributions from second- and third-overtones, are negligi-
ble and do not affect the profile of the INS spectra in this region 
(see Figure S-2 ÷ Figure S-4 in Supporting Information). In con-
trast, the prediction of the stacking can be more relevant than 
expected, so that motion of the atoms might be influenced by 
the description of the weak interactions that take place among 
layers and might also suffer from the underestimation of the c 
cell parameter due to the adopted computational methodology.  

The main bands observed in the experimental INS spectra are 
ascribed to the vibrational modes sketched in Figure 4, as fol-
lows. 

i) The doublet at ~100 cm-1 (Figure 4A) is due to the “Ra-
man active” displacement of the magnesium cation 
(Mg1) in phase with two chlorine ligands (Cl2 and Cl3) 
along the b direction and to the analogous “IR active” 
vibrational mode. The atoms displacements by break-
ing the axial Mg-Cl bonds (i.e. Mg1-Cl4) would leave 
Mg ions binding four Cl ligands in the plane and would 
allow the creation of nano-ribbons of MgCl4. The dis-
placement of atoms in one layer (L0) is opposite to that 
of the atoms belonging to adjacent layers (L-1 and L1). 
The band arises when k points other than the  point 
are considered, and this explains why this band was not 
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discussed in the paper of Brambilla et al., reporting the 
IR and Raman experimental vibrational frequencies of 
MgCl2.70 

ii) The band at 162 cm-1 (Figure 4B) involves the intra-
layer deformation of a 4-membered Cl-Mg-Cl-Mg 
rings with a stretching in the ab plane; more in details, 
in layer L0 an in phase shortening of Mg1-Cl2 and Mg1-
Cl3 bonds produces the rings’ deformation, whereas in 
the adjacent layer L-1 a rotation around the Mg4Mg5 
axis occurs with a deformation of Cl-Mg-Cl-Mg ring in 
the ab plane. The vibrational modes of layers L0, L-1 
and L1 are coupled together.  

iii) The phonon band at 200 cm-1 (Figure 4C) is absent in 
 and arises from calculation of phonon dispersion. 
The mode is associated to the in-phase elongation of 
the Mg-Cl bonds in layer L0 towards the inter-layer re-
gion, coupled with a single Mg-Cl elongation occurring 
in the adjacent layer L-1. 

iv) The band at 236 cm-1 (Figure 4D) is mainly due to the 
vibrational modes involving MgCl6 moieties with a 
bulk hexa-coordinated Mg2+ cation (i.e. Mg1). Starting 
from the frame where magnesium and four chlorine at-
oms lie in the same plane a pyramidalization at Mg1 
occurs with a consequent inversion of the MgCl4 “um-
brella” with Mg1 atom passing again through the planar 
frame. Also atoms of adjacent layers are involved albeit 
at a less significant extent. It turns out that these vibra-
tional modes involve the movement of atoms of the in-
ner layers of the supercell model. 

v) Finally, considering the axis formed by the axial chlo-
rine ligands at hexacoordinated Mg atoms, the band at 
251 cm-1 (Figure 4E) is mainly due to the rotation of 
that axis respect to the ab plane (i.e. the axis formed by 
Cl4 Cl5 bound to Mg1 into L0 layer). A coupling with 
rotations of opposite chlorine atoms in Mg-Cl-Mg-Cl 
cycles in upper and lower layers is observed (i.e. Cl8Cl9 
axis in L1 layer respect to the ab plane). The tilting 
four-membered Mg-Cl-Mg-Cl ring, which is almost a 
ubiquitous topological ‘leit motiv’ of halides of alkaline 
earths, is present in the bulk (intralayer), but is also part 
of the penta-coordinated surfaces. Hence, at a qualita-
tive level it is worth saying that this band might origi-
nate from the atomic vibrations of both inner and sur-
face atoms (see following section). The displacements 
here described cause the movement of chlorine atoms 
along the c axis, i.e. parallel to the stacking direction. 

 

 

Figure 4. Graphical representation of normal modes associated to 
main phonon bands of ordered α-MgCl2. Mg atoms are represented 
in green whereas chlorine atoms are in yellow; arrows showing di-
rection of the atomic displacements (in red) have been added to 
help reader in visualize the vibrational modes. The labels are ex-
plained in the text. 

Experiments reveal that the bands mostly affected by ball mill-
ing are those at 200 and 236 cm-1, which decrease in intensity 
of about 25% from MgCl2 A to MgCl2 B and still a little bit 
more from MgCl2 B to MgCl2 C, and that at 251 cm-1, which 
gradually reduces in intensity of about 10% at each step. The 
band at 162 cm-1, instead, slightly downward shifts.   

To elucidate the origin of these changes in the experimental INS 
spectra, the effect of disorder of bulk MgCl2 was investigated. 
Figure 5 shows the neutron-weighted DOS simulated for the 
trans (Figure 5A) and rot (Figure 5B) models, compared to that 
of ordered α-MgCl2. The experimental spectra are also reported 
as references (Figure 5C). The INS spectra of the disordered 
models are quite similar to that of the ordered one. To better 
appreciate the small changes, difference spectra trans-α and rot-
α are reported in Figure 5A’ and Figure 5B’, respectively. At a 
first inspection, it can be observed that the introduction of a 
stacking fault or of a rotational fault causes a variation in either 
the position or the intensity (or both) of all the main bands. As 
far as the decrease in intensity is concerned, the ΔNWPDOS 
spectra are of the same order of magnitude of the experimental 
ΔS(Q, ω) spectrum (Figure 5C’), corresponding to a maximum 
of 10% with respect to the intensity of the spectrum of ordered 
MgCl2. Actually, none of the ΔNWPDOS spectra are able to 
reproduce the experimental ΔS(Q, ω) spectrum. However, at a 
glance some bands look more sensitive to the translational dis-
order while some others are more affected by the rotational one. 
The two bands most influenced by translational disorder are 
those at 162 cm-1, which upward shifts, and that at 236 cm-1, 
which decreases in intensity. Both bands are associated with vi-
brational modes involving atoms displacements in the ab plane. 
Rotational disorder, instead, has a larger impact on the bands at 
200 and 251 cm-1, which decrease in intensity with respect to 
the spectrum of the bulk α phase. Both bands are ascribed to 
vibrational modes involving atoms displacements along the c 
axis. 
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By analogy, a description of the experimental ΔS(Q, ω) spectra 
in terms of combination of translational and rotational disorder 
can be attempted. On the one hand, the decrease in intensity of 
the two bands at 200 and 251 cm-1 that can be observed in both 
Figures 5C’ and 5B’ may indicate the occurrence of some rota-
tional disorder. On the other hand, the decrease in intensity of 
the band at 236 cm-1 and the shift in position of the band at 162 
cm-1 suggest that ball milling (see Figures 5A’ and 5C’) could 
also induce a certain degree of translational disorder. It is worth 
noticing that the direction of the shift for the band at 162 cm-1 
predicted by our trans model is the opposite of that observed ex-
perimentally. However, this might be due to the fact that trans 
contains a single stacking fault, while in the real case the num-
ber of stacking faults can be higher and/or a stacking fault can 
be adjacent to a rotational fault. Indeed, the mode at 162 cm-1 is 
associated to the displacement of atoms in three adjacent layers. 
There are some major fluctuations in Figures 5A' and 5B' that 

cannot be seen in Figure 5C'. Those are likely due to some com-
bination of defects of different types: rotational and transla-
tional ones but maybe also to some combination of disorder 
with surface effects (e.g. steps or edges). Figure 5C’ reports the 
integral effect of both the rotational and translational disorder 
summed over many possible faults in stacking and combination 
of them while simulation refers to two possible models. Never-
theless, the global effect consists in a reduction/increase of in-
tensity of some peaks but also the shift and broadening of bands 
i.e. the one close to 160 cm-1 is to some extent visible in both 
experimental and simulated difference spectra. The reproduc-
tion of the experimental ΔS(Q, ω) spectrum would require the 
simulation of a very large number of models with a different 
percentage of stacking and rotational faults, which is clearly not 
possible. Overall, the data displayed in Figure 5 indicate that 
INS is sensitive to the introduction of both translational and ro-
tational disorder in MgCl2 bulk.  

 

Figure 5. Neutron-weighted PDOS simulated for ordered bulk α-MgCl2 and disordered trans (part A) and rot (part B) forms by means of 
3×3×3 supercells, compared to the experimental INS spectra of MgCl2 A, MgCl2 B and MgCl2 C (part C). Difference simulated spectra Δ 
calculated by subtracting the spectrum of ordered bulk α-MgCl2 to those of trans (part A’) and rot (part B’), compared to the difference 
experimental spectrum calculated by subtracting that of MgCl2 A from that of MgCl2 B and the spectrum of MgCl2 B from MgCl2 C (part 
C’).  

 
4.4 Prediction of INS spectra for MgCl2 surfaces 

It is worthy to recall that for polar compounds and ionic crystals 
the long range character of Coulomb interaction causes the 
force constants to remain large, even when the atoms are far 
away. For this reason it is impossible to obtain a finer sampling 
of the reciprocal space just by means of Fourier interpolation 
and a computational cheap solution is the Wang correction cited 
above for three-dimensional systems.  

Therefore, due to the ionic nature of MgCl2 material, for lower 
dimensionality systems as 2-D and 1-D models (surface/rods), 
where long-range electrostatic contributions to the force con-
stants are accounted through a direct approach, the slow decay 
of Coulomb interactions with atomic distances required the 
adoption of sufficiently large supercells to guarantee reliable 
(i.e. well-converged) scattering simulations. We checked con-
vergence in results of scattering behaviour of bi-dimensional 
lattices as a function of super-cell size, ending in the identifica-
tion of 4×4 supercells as provider of valuable prediction of the 
INS spectra. Accordingly, supercells of different size (i.e. 2×2, 

4×4, 8×4, 8×8) have been adopted for phonon dispersion calcu-
lations. To provide a measure of the size of the supercells 
adopted as surface models, the (104) surfaces contain a number 
of atoms ranging from 192 [4×4] to 768 [8×8]. Further compu-
tational details are reported in Table S-2 in Supporting Infor-
mation. It was found that 4×4 supercells provide reliable pre-
dictions of the INS spectra; more extended systems did not 
show any significant difference in simulated phonon density of 
states. It turns out that cell parameters corresponding to values 
close to the “critical dimension” of 12 Å are large enough to 
guarantee converged results i.e. to obtain a valuable sampling 
of the reciprocal space and long range effects. 
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Figure 6. Neutron-weighted corrected DOS simulated for sur-
faces of α-MgCl2 of interest in catalysis (i.e. (104) and (110)) 
and the basal one (i.e. (001)), compared to that simulated for 
ordered bulk α-MgCl2. 

For 2-D models having a 4×4 supercell the simulated INS spec-
tra are reported in Figure 6, and compared to the spectrum sim-
ulated for the ordered bulk α-MgCl2 (4×4×2 supercell). The INS 
spectrum of the basal (001) surface almost coincides with that 
of the bulk. The simulated INS spectra for the (104) and (110) 
surfaces, instead, are less intense than that of the basal plane 
and characterized by a series of additional vibrational modes 
below 200 cm-1. In the 220 – 260 cm-1 region, the spectrum of 
the (104) surface displays a band at ~251 cm-1, whereas there 
are no significant contributions to the peak at ~236 cm-1. The 
spectrum of the (110) surface shows both bands at 251 and 236 
cm-1, but they show a different relative intensity with respect to 
those of the (001) basal one.  

Overall, according to the data reported in Figure 6, the (104) 
and (110) surfaces do not contribute to the INS spectrum of 
MgCl2 with specific features different from those of the (001) 
basal one, but eventually only with a poorly defined and weak 
band in the 100 – 200 cm-1 region. This means that, for MgCl2 
particles with lateral size of approximately 10-15 nm whose 
morphology is dominated by the basal plane (like those ob-
tained by ball milling), INS is not expected to provide infor-
mation on the morphology of the particles (i.e. on the exposed 
surfaces). The scenario might change for smaller MgCl2 parti-
cles approaching the size of ca. 1 nm, where the relative contri-
bution of surfaces different from the basal one can be higher, 
especially in the presence of capping agents (as it happens for 
chemically activated Ziegler-Natta pre-catalysts).  

 

4.5 Prediction of INS spectra for 1-D periodic and 0-D 
MgCl2 models 

The presence of edges in nano-sized MgCl2 has been simulated 
by the (110)/(104) rod (Figure 2C). The corresponding INS 
spectrum is shown in Figure 7. The intensity of the overall spec-
trum is even lower than for the (104) and (110) surfaces and it 
is hard to identify distinctive features. Only two bands at 247 
and 260 cm-1 slightly emerge from the continuum, which are 
shifted towards higher frequencies with respect to the two bands 
at 236 and 251 cm-1 dominating the spectrum of bulk MgCl2.  

Finally, to investigate the effect of nano-sizing on the INS spec-
trum of MgCl2, a nano-cluster containing 240 atoms and expos-
ing surfaces according to the Wulff polyhedron predicted for 
MgCl2 3,26 has been cut out from the bulk. The simulated INS 
spectrum is also shown in Figure 7. Its overall intensity is com-
parable to that of the (104)/(110) rod and also in this case only 
two bands at 252 and 265 cm-1 clearly emerge from the contin-
uum. 

Figure 7. Neutron-weight corrected DOS simulated for α-
MgCl2, a (110/104) rod, and a MgCl2 nanocrystal.  

Overall, the data shown in Figure 7 clearly demonstrate that 
nano-sizing of MgCl2 (i.e. reduction of the particle size and in-
creasing importance of edges) causes a drastic decrease in in-
tensity of the overall INS spectrum, the disappearance of the 
features below 200 cm-1 characteristic for the bulk, and an up-
ward shift of the features around 250 cm-1. In other word, a key 
feature of nano-sizing is the loss of all the INS spectral features 
characteristic for MgCl2 bulk and the rise of a couple of weak 
bands around 260 cm-1, which have no direct relation with the 
surfaces terminating the crystal, but rather are connected with 
the vibrational properties of the edges.   

 

5. Conclusions 

The INS spectra of ball-milled MgCl2 samples have been meas-
ured for the first time in order to investigate the disorder and 
nanosizing effects, which are relevant when MgCl2 is used as 
support for Ziegler-Natta catalysts. Indeed, Cl shows a total 
scattering cross section that makes it a suitable target for the 
INS and allows better understanding of atomic motion with re-
spect to typical IR and Raman vibrational spectroscopies.  

In order to assign the bands observed in the experimental spec-
tra and deepen the understanding of structural disorder and 
nano-sizing effects in these systems, the INS spectra have been 
simulated for 3-D models containing stacking or rotational dis-
order and for models of decreasing dimensionality (from 2-D to 
0-D models).  

The experimental results have shown that the bands mostly af-
fected by ball milling are those at 200 cm-1, 236 cm-1, and 251 
cm-1, which gradually reduce in intensity upon ball milling. 
These changes can be rationalized in terms of an increase of the 
structural disorder. In particular, according to the computed re-
sults and simulated INS spectra, the decrease in intensity of the 
bands at 200 and 251 cm-1 (which are assigned to the vibrational 
modes involving atoms displacement along the c axis) indicates 
the occurrence of some rotational disorder, while the decrease 
in intensity of the band at 236 cm-1 (which is assigned to the 
vibrational modes involving atoms displacement in the ab 
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plane) suggests that ball milling induces also a certain degree of 
translational disorder. This is clear evidence that the INS meas-
urements are sensitive to the introduction of disorder in bulk 
MgCl2.  

For 2D atomistic models well converged simulated phonon den-
sity of states are obtained for cell parameters corresponding to 
values close to 12÷15 Å. Notably, the INS spectrum of the basal 
(001) surface almost coincides with that of the bulk. Since 
MgCl2 particles with lateral size of about 10-15 nm (like those 
obtained by ball milling) are dominated by the basal plane, INS 
is not expected to provide information on the morphology of the 
particles (i.e. on the exposed surfaces). This picture might 
change for MgCl2 particles approaching the size of ca. 1 nm, 
where the relative contribution of surfaces different from the 
basal one can be higher, especially in the presence of adsorbates 
like in Ziegler-Natta pre-catalysts obtained with chemical acti-
vation methods. However, it is important to underline that our 
calculations performed on 1-D and 0-D models clearly indicate 
that a key feature of nano-sizing is the loss of the entire INS 
spectral features characteristic of MgCl2 bulk.  

In conclusion, our modelling provides a full rationale of the 
trends observed in the experimental INS spectra of samples of 
MgCl2 with different degrees of ball-milling. The ball-milling 
process leads mostly to the formation of bulk-like MgCl2 crys-
tallites rather than nanoparticles. The weak bonding among 
MgCl2 layers allows for an easier cleavage along the stacking 
direction with the emergence of both rotational and translational 
disorder, which explain the decrease in intensity of some bands 
in the INS spectrum, while nano-sizing effects are less evident.  

We briefly underline some key-features of INS spectroscopy as 
applied to MgCl2 materials, in comparison to other vibrational 
spectroscopies and structural methods. Far-IR spectra were 
found to be sensitive to the morphology of the MgCl2 nanopar-
ticles, revealing the type and the relative extension of exposed 
surfaces, but almost insensitive to MgCl2 disorder. A previous 
Raman study79 did not even assign some peaks (i.e. ~100 cm-1). 
Beyond the field of spectroscopy, we proved in previous papers 
that the combination of PXRD, PDF, and relative simulation, 
have the potential to provide information on the dimension and 
disorder of δ-MgCl2 in MgCl2 supported Ziegler-Natta cata-
lysts. The results discussed in the present work demonstrate that 
INS mimics the X-ray ability to reveal different types of disor-
der, as well as surfaces/borders effects for objects at the na-
noscale.  

In perspective, besides the interest in the field of Ziegler-Natta 
catalysis, the present work paves the route to the use of INS as 
a method for the characterization of materials with a certain de-
gree of defectivity and shows the central role of quantum me-
chanical simulations for a correct interpretation and valoriza-
tion of the experimental INS spectra. 
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