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ABSTRACT

The activation of MgCl: is an essential step for preparing performant Ziegler-Natta catalysts
(ZNCs), but the structural characterization of the so formed 8§-MgClz has been left behind due
to its complicated disorder. In the current study, synchrotron X-ray total scattering is applied
for the structure analysis of §-MgCl.. Complementary use of powder X-ray diffraction
(PXRD) and pair distribution function (PDF) enabled determining the type and extent of
disorder for a series of mechanically and chemically activated §-MgCl> samples. Moreover,
their combination with molecular simulation successfully derived consistent nanoparticle
meoleenlar-models, where the conventional interpretation of disorderedly stacked nanoplates

was justified in a cross-validated manner.



1. INTRODUCTION

In most of practical solid catalysts, one of the key features to control activity and

selectivity,

in turn, to maximize performance of the catalyst is the lack of long-range order (i.e.

eriodicity). For instance, @ nanosizing as one type of disorder leads to significant increment

in the specific surface area and size-sensitive behaviors of electronic band structure, surface

exposure, and phase morphology.Eer-instance—ananesizeteads—to-significantinerement—in

exposure;—and—phase—morphology-"* Since characterization of disordered materials is

inherently less feasible.However—characterization-of-disordered-materials—is-inherently-less

feasible:’ a careful validation on the basis of multi-aspect investigations is essential to

uncover the hidden identity and catalytic relevance of structure disorder.Careful-validation-on

The MgCl-supported Ziegler-Natta catalysts (ZNCs) possess a dominant share in the

industrial production of polyolefins. Their state-of-the-art form corresponds to multi-grained
and porous spherical particles, those are composed by hierarchical aggregation of building
blocks, called primary particles."'* It is widely accepted that the primary particles are
nanosized MgCl: plates whose lateral surfaces are capped with TiCls and organic molecules
(termed donors)”. Generally, MgClz is a crystalline compound, which is composed by
stacking of ionic CI-Mg-Cl tri-layers along the c-axis. MgCl: has two polymorphs: o-MgClz,
where Cl anions are stacked in the cubic close packing (ABCA), and less stable 3-MgClz with

the hexagonal close packing (ABAB). On the other hand, MgCl. in ZNCs exclusively
3
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displays a broad pattern of powder X-ray diffraction (PXRD), which is distinct from both of
the polymorphs. The broadness of the MgCl= PXRD pattern is deeply correlated with the
performance of ZNCs. As a matter of fact, in the case of traditional mechanical routes (e.g.
ball-milling MgCl> with TiCls and donors), the broadness of the PXRD pattern and thus the

14,15

catalyst activity develop along with the grinding time, * while ZNCs prepared with modern
chemical routes (e.g. through the precipitation of a MgClz solution, or through the solid-state
conversion of Mg(OR)2) exhibit even further broadened PXRD patterns and much better
performance.'®"”

In the early 1980s, immediately after the discovery of MgCl: as a support, the research
groups of Zannetti and Giunchi individually explained the broad PXRD pattern of activated
MgClz on the basis of stacking disorder. The idea was originally inspired by disorderedly
stacked TiCls (8-TiCls), and this became the origin of the term 8-MgClL. They introduced
structure models having mixed stacking sequences: ABCA for a-MgCl>, ABAB for 3-MgClz,
and ABCB or ABAC for rotationally disordered sequences. By tuning the probabilities of the
three types of stacking sequences and crystallite dimensions, they successfully reproduced the
broad PXRD patterns.'*? Since then, the structural analysis of §-MgClz has mainly relied on

the interpretation of broad PXRD patterns based on the same concept,”*

or more
qualitatively based on the Scherrer equation.”** Here, it must be noted that any kind of
disorder such as random atomic displacements and lattice distortion distribution can cause
broadening of PXRD patterns. The stacking faults and dimensional reduction are not the sole
possible origin for the broad PXRD patterns of 6-MgCL. For instance, Vittadello et al.
proposed [MgCl]» polymeric chains to reproduce the broad PXRD pattern of §-MgCl.. This
proposal was made in relation to the hypothesis that MgCl> more or less memorizes the

structure of the precursor.” Though such polymeric chains may not be thermodynamically

stable, the idea must be equally probable to the conventional concept in term of explaining
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the broad PXRD pattern. To be most important, the lack of cross-validation based on
analytical tools other than PXRD has caused this controversy on the structural identity of §-
MgClL. Besides, the diffuse character of the PXRD pattern is potentially problematic for
quantitative analysis, especially when laboratory XRD instruments are employed in Bragg-
Brentano geometry.””

Recently, structural analysis using an atomic pair distribution function (PDF) is becoming
increasingly important in the field of nanomaterials.” The PDF expresses the existence
probability of atomic pairs as a function of the distance between the atoms. It is a Fourier
transform of the structure function (S(Q)) obtained via total scattering experiments using X-
ray, neutron, or electron beams. The PDF allows to access real-space information through
diffuse scattering. It is suitable for structural analysis of less ordered materials without
intense Bragg diffraction, e.g. liquids, molten/amorphous metals or metal oxides, and
nanomaterials. To be important, the PDF offers information at an intermediate distance
ranging from 1 nm to several tens of nm, which is shorter than the periodicity required for
XRD, but longer than the first or second coordination spheres that are accessible with NMR
and extended X-ray absorption fine structure (EXAFS) spectroscopies. Thus, the PDF can be
a powerful tool for structural analysis of §-MgClz, but so far it has been applied only to an
aqueous solution of MgCl..*!

The purpose of the current study is to clarify the structural and morphological identity of 5-

MgCl: in terms of structure and morphology in a complementary manner.”> So far, tThe

identity structural features of 6-MgCl: remains unknown se—far—not only due to its

disorderliness, but also due to the historical lack of efforts in applying multilateral
characterization on the “same” samples. In this regard, we employed a variety of
characterization techniques specialized for the study of the disorder and ef—the—atomic

dynamics en-the-same-set-of §-MgClz using the same set of samples. On the one hand, X-ray
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total scattering experiments using a synchrotron light source are first applied to a series of
mechanically and chemically activated 5-MgCl> samples. The crystallite dimensions and the
extent of stacking disorder were determined by PXRD, and cross-validated with PDF
analysis, and supported by simulation of well-defined MgClz nanoparticlemeleeutar models.

On the other hand. t¥he same set of samples were successively investigated by Far-IR

spectroscopy that, coupled with a state-of-the-art DFT study, provided relevant information
on the morphology of the MgClz nanoparticles and on the relative extension of the exposed
surfaces.”> The present contribution exclusively corresponds to the former part of this
research for the analysis of the MgClz disorder and crystallite size. By coupling this result
with the latter part of the research focused on the morphology and on the surface properties of

the 8-MgCls,* the state-of-the-art understanding on the structural and morphological identity

of 6-MgCl: is delivered in relation to primary particles of ZNCs.

2. EXPERIMENTAL AND THEORETICAL METHODS

2.1 Samples

A highly crystalline MgCl. sample was donated by Toho Titanium Co., Ltd. (MgCl2 A,
specific surface area: 9.3 m® g). In order to introduce the disorder, MgCl> A was subjected
to planetary ball-milling, where 25 g was filled in a 0.5 L stainless-steel pot with 235
stainless-steel balls (10 mm diameter). The duration of the ball-milling was adjusted to make
the specific surface area about five and eight times higher than that of MgCl. A, and thus
obtained samples were termed as MgCl> B (specific surface area: 55 m*> g™) and MgCl» C
(specific surface area: 73 m® g™'). A chemical reaction route from Mg(OEt): was chosen as
one of the most representative methods of chemical activation. The catalyst sample (hereafter

34-36

termed ZNC) was prepared according to a patent”® with small modifications, where n-

dibuthylphthalate (DBP) was used as an internal donor. The donor and Ti contents were
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determined as 14.1 wt% and 2.6 wt%, respectively. All the samples were handled and stored

under an inert atmosphere in order to minimize the moisture adsorption.

2.2 PXRD and PDF measurements

Q.Z.l D(-ray total scattering

X-ray total scattering experiments were performed at beamline BL5S2 in Aichi
Synchrotron Radiation Center (AichiSR, Japan) with an X-ray energy of 20.7 keV (A = 0.60
A). A capillary tube (0.3 mm internal diameter, Lindemann glass) was filled with a powder
sample and flame-sealed under an inert atmosphere. The scattering intensities were obtained
by four 2D detectors in transmission geometry. Each of the detectors covers ca. 15° of 26,
and the detectors moved in 5 positions to offer 3—132° as an entire 26 range (corresponds to
0.55 to 19 A™ in magnitude of the scattering vector, Q). The 2D scattering data were
converted to 1D data with software developed at AichiSR and the scattering intensity from an
empty capillary was subtracted as the background. For the sake of direct comparison with

literature, the diffraction angle was scaled to the wavelength of Cu Ko radiation (A = 1.5418

A).

2.2.2 MgCl: meleeuntarnanoparticle models

NanoparticleMeleenlar models of MgCl> were created with the aid of DISCUS, where the
conventional concept of stacking disorder and reduced crystallite dimensions was presumed
unless speciﬁed.37 A nanoparticlemeteettar model was defined by four parameters: Lo, Ls, Le,
and Pe. The lateral dimensions (La, Ls) were determined by the number of unit cells repeated
in the a,b-directions. The dimension in the basal direction (L.) corresponded to the number of

CI-Mg-Cl layers stacked along the c-direction. Stacking disorder was expressed by tuning the

Commentato [EG1]: Or
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probability of a-MgCl> sequence (Pe) in a range of 25-100 %. The probabilities of f-MgCl>
(Pr) and rotational errors (Pr) were accordingly determined as follows:

Pr=(100 —Pc) x 1/3,

Pror = (100 —Pc) x 2/3.

The lattice constants of the unit cell were set to 0.3636 nm (), 0.3636 nm (/»), and 0.5889 nm
(lc). Here it must be noted that the periodicity along the c-direction is not clearly defined
when stochastic stacking errors are included. Therefore, /- was defined by the separation of
neighboring Cl-Mg-Cl layers. The thickness of one Cl-Mg-Cl layer was set to 0.2667 nm.
These values followed experimentally known lattice constants of a-MgClz,*® and it was found
that the values were reasonably consistent with the obtained PXRD data irrespective of the
extent of the disorder. When the basal dimension of a meleentarnanoparticle model is small,
such model does not contain a sufficient number of layers to determine the stacking
probabilities. Therefore, an appropriate number of models were created at fixed dimensions,
and simulated PXRD and PDFs were given as their averages. The presence of TiCls and DBP
was omitted from the models due to the low Ti content (ca. 1.5 mol%), to the very low X-ray
scattering power of the light atoms (H, C, and O), and to the random nature of the
adsorption.***® The software VESTA was used for visualization of the meleeularnanoparticle

models.”!

2.2.3 PXRD simulation
For a given MgCl: meleenlarnanoparticle model, the PXRD pattern was simulated based on
the Debye scattering equation with the aid of software DISCUS,

sin (2mQr ;)

Icalc(Q) ZZiijif}'— (1),

2mQrij



where /(Q) is the scattering intensity as a function of O (Q = 4msin6/A), fi and f are the X-ray
atomic scattering factors of atoms ith and jth, and 7y is the distance between them. This
equation  represents the  orientation-averaged  scattering intensity from a
nanoparticlemeleetlar model. As the equation rigorously incorporates peak broadening
caused by finite crystallite sizes, it is suitable for the estimation of a PXRD pattern of
nanoparticles.”” The residual between a simulated pattern (/e(26)) and an experimental

pattern (/exp(26)) was calculated based on,

N

2
_ E(lexp(ze)_lcalc(ze))
RW,PXRD - Zlexp(29)2 (2)

The model (i.e. the four parameters) was recursively updated in a way to minimize Ru.rxrp.

2.2.4 Acquisition of experimental PDF and PDF fitting

The obtained scattering data were converted into a reduced atomic pair distribution
function (Gexp(r)) using the software PDFgetX2.* The 1D scattering data were corrected for
X-ray polarization, Compton scattering, and X-ray atomic scattering factor to yield the total
scattering structure function, S(Q). Gexp(r) is derived by the Fourier transform of S(Q),*
Gorp (™) = (3) Jome[S(Q) — LIsin(Qr)dQ
= 4r[p(r) — po] 3),
where Q is the magnitude of the scattering vector, p(r) is the atomic pair density distribution,
and po is the average atomic density. The Omax and Omin values in the Fourier transform were
set to 15 and 0.55 A™, respectively.

The Gexp(r) was fit with simulated Gea(r) with the aid of software PDFgui.* For a given
meleentarnanoparticle model, Geie(7) was calculated based on the following equations,

Geaic(r) = (Géalc ) ),



Glate(r) = B(r) (7. 3 [Ty ()] = 4o ).
Ti(r) = «/2_710'1']' exp [_ (r;;g)z] [1 + (r;_;”)] (6),
S(r) = Tned) ).

where N is the number of atoms in the nanoparticlemeleettar model and ¢: is the composition
of ith element. The broadening factor oy includes parameters for anisotropic displacement and
correlation motion of atoms, and these parameters were optimized to minimize the residual

function (for each nanoparticlemeleettar model),

N

_ [2(Gexpro—c ; )2
Ry ppr = [Z ex;(;;p(:sl;(r) (8).
B(r) incorporates a damping factor due to the finite instrument resolution. The Qump value
was determined using a standard sample and fixed as constant in the fitting. The termination
error due to the finite Omax value was explained by S(r).

The PDF simulation for nanosized materials using PDFgui is not straightforward as
PDFgui requires a periodic boundary condition. In order to express the finite size effect, the
following two strategies were employed in this study. When the model size was small
(typically below 10 nm such as ZNC), the meleeularnanoparticle model was placed in a large
cell. The separation between the neighbouring models was set to ca. 30 nm. The artificial
effect of the vacuum region was subtracted by Dshaper.*” When the model size was large

(such as MgCl> B and C), the simulation based on the above strategy was prohibitedly

expensive. Instead, a shape function |0f Equation (9) }Was employed,

1_;(g)+;(g)3 (r < D)
0 (r=D)

Ysphere(, D) = ),

[r ato [EG2]: Which is equation (10)?

[ Commentato [fi1fH3]: (Wada) I fixed it. Thank you.




where D is a fittable parameter to express the diameter of the model. This is a built-in

function of PDFgui and widely applied for isotropic nanomaterials.*"*

3. RESULTS AND DISCUSSION

3.1 Simulation of PXRD patterns for a series of MgCl> models

As the first step, we simulated PXRD patterns for a series of MgClz nanoparticlemeleenlar
models bearing different types of disorder. The disorder is classified into 1) stacking error
along the c-axis, 2) thinning along the c-axis (decrease in the number of CI-Mg-Cl layers),
and 3) reduction of crystallite dimensions in the a,b-axes. A nanoparticlemeleenlar model
with P = 100 %, Lc = 35.3 nm (60 layers) and L.» = 21.5 nm was regarded as the least
disordered meleenlarnanoparticle model (hereafter termed as a-MgClz). Starting from this
model, different types of disorder were separately introduced as shown in Table 1. In the Ist
series, the stacking error was increased by decreasing the P. value from 100% (perfectly
cubic) to 25% (random), while the other parameters were fixed at Lc = 35.3 nm and Las =
21.5 nm. Similarly, the other two series were created by reducing the L. value from 35.3 nm
(60 layers) to 0.6 nm (monolayer) or by equally reducing the L. and L» values from 21.5 nm
to 1.8 nm. Such simulation is believed to be useful for qualitative interpretation of featureless
PXRD patterns of §-MgClz, which has not been discussed earlier.

The simulated PXRD patterns are shown in Figure 1Figuret. It can be seen that each type
of disorder has a unique impact on the PXRD pattern. The findings are listed as follows and
summarized in Table 2.

e The stacking error does not affect the (003), (006), and (110) diffraction peaks because
the dimensions of the crystallite in the basal and lateral directions are not altered. On the
contrary, the diffraction peaks that relate to the structure repetition in the body-diagonal

directions ((101), (012), (104), (107), and (018)) are significantly weakened and
11
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broadened along with the stacking error. Notably, the behavior of the (104) diffraction
peak is unique as it is not only weakened and broadened but also shifts toward a smaller
diffraction angle.

The thinning in the c-axis diminishesd the (003) and (006) diffraction peaks associated
with the vertical direction as well as the peaks related to the body-diagonal direction. The
(110) diffraction peak is slightly affected to make a tail toward a higher diffraction angle,
which is typical for two-dimensional materials.*

The size reduction in the a,b-axes diminishes the (110) diffraction peak as well as the
peaks related to the body-diagonal direction. The (003) and (006) peaks are almost

unchanged.



Table 1. MgCl: meleeutarnanoparticle models employed for the simulation of the PXRD and

PDF patterns. “

P Le La, Ly
Type of disorder Name Models
[%] [nm] [nm]
0 aMgCl: 100 353 21.5x215 M " 60 Gl ayers)
21".\5nm
Pc70 70 353 21.5x215
. PesS 55 353 21.5x215 ’
P25 25 353 21.5x2L5 .
Lc59 100 59 215x215
: Lc29 100 29 21.5x215  tss Lc06
Lc0.6  na 0.6 21.5x2L5 S
Lab5.5 100 353 5.5x5.5 s i
Lab3.6 100 353 3.6x3.6
3 ?s?cﬂu-cn layers)
Labl.8 100 353 1.8x1.8

S g
5.5nm 55nm 1.8nm 1.8 nm

“The nanoparticlemeleeutar models are classified based on the disorder type as follows: 0 =
standard structure; 1 = stacking error; 2 = thinning along the c-axis; 3 = size reduction along
the a,b-axes. P. = probability of a-MgClL. sequence; L. = dimension in the c-axis; Le, Ls =

dimension in the a,b-axes.
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Figure 1. Simulated PXRD patterns for MgClz nanoparticlemeleettar models with different
types and extents of disorder (labels as in Table 1). The diffraction intensity is normalized by

the number of atoms in individual models. The patterns are vertically translated for clarity.
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Table 2. Impact of different types of disorder on the diffraction peaks, as determined by the

simulated PXRD patterns shown in Figure 1.

20[deg] Plane Type of disorder*”’

1 2 3

15.1 (003) ++

30.1 012) ++ + +
30.2 (006) ++

35.0 (104) ++ + +
50.2 (110) +
50.4 018) ++ ++ +

“The type of disorder is numbered based on Table 1.

”4+: high impact, +: moderate impact, blank: no or marginal impact.

3.2: Analysis of the experimental PXRD patterns

As a second step, the PXRD patterns were extracted from the total scattering data (Figure
2Figure—2). Due to the highly collimated nature and brightness of the light source, the
extracted PXRD patterns displayed a high angular resolution as well as a remarkablye high
S/N ratio. Figure S1 shows comparison of PXRD patterns acquired at a synchrotron facility
and a typical laboratory machine with Cu-Ko radiation. In Figure 2, MgCl> A exhibited the
diffraction peaks characteristic for a-MgCl ((003), (101), (012), (006), (104), (107), (110),
(018), and (113)). In particular, the absence of the smaller-angle shift of (104) assured the
scarcity of the stacking error, i.e. MgCl2 A was safely regarded as a-MgCl.. MgCl: B showed
smaller intensities for (003) and (110) diffraction peaks together with a smaller-angle shift of
(104), suggesting the occurrence of crystallite miniaturization and stacking error. This
tendency was further enhanced for further-the even more ground MgCl: C. In the case of

ZNC, the diffraction pattern became largely featureless. The (003) peak almost disappeared
15
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and slightly shifted to a smaller angle. From the simulation results shown in Figure 1Figure+, [ha formattato: Tipo di carattere: Non Grassetto
the shift of the (003) peak was observed when the number of C1-Mg-Cl layers was fewer than
10, and it completely disappeared for a C1-Mg-Cl monolayer. Thus, the PXRD pattern shown
in Figure 2 indicates that the crystallites in ZNC were composed of 2—10 layers. The (012)
and (104) diffraction peaks completely merged to form a single broad peak, suggesting a
large extent of stacking disorder. The sharpness of the (110) diffraction peak was comparable
to that of Lab5.5 of the simulation results in Figure 2. Likewise, the crystallites of ZNC likely
equipped all the types of disorder at higher extents than those characterizing the mechanical

activated samples.

(012)

(003) (101)(006)(104) 107)(018)(113 (101)(012)(008) (018

Intensity [a.u.]
Intensity [a.u.]
Intensity [a.u.]

l MgCl, A

BN

10 15 20 25 30 35 40 45 50 55 28 29 30 31 49 50 51 52
26 [deg] 26 [deg] 26 [deg]

Figure 2. Experimental PXRD patterns of mechanically and chemically activated §-MgCl..

Successively, a meleewlar-nanoparticle model was optimized in order to reproduce the
experimental PXRD patterns. This was achieved by adjusting the four structural parameters

(P and Lasc) to lower the fitting residual (Rwrxrp), except for MgClz A. Indeed, the

16



dimension of MgCl> A was too large to calculate its PXRD pattern based on the Debye
equation. Instead, the crystallite dimension was estimated from the full-width at half-
maximum (FWHM) of the (003) and (110) diffraction peaks using the Scherrer equation™
(Dppg = 0.9428 *cos8~, A: X-ray wavelength, f: FWHM of the diffraction peak, 6
diffraction angle of the peak). Comparison of the simulated and experimental PXRD patterns
is shown in Figure 3Figsure—3. The four structural parameters of the best-fit

nanoparticlemeteentar models are summarized in Table 3Fable3, together with the fitting

residual. The experimental PXRD patterns for MgCl2 B and C could be well reproduced with
the Rw.rxro value of 0.196 and 0.152, respectively. Pe decreased from 100 % of MgClz A to 64
and 43 % along the grinding, and the crystallite dimension eventually decreased to about 13
nm.

For ZNC, the (003) diffraction peak was hardly reproducible with any of the models which
can be created by the four structural parameters. The addition of a new structural parameter
such as the distribution in the thickness and the variation in the interlayer distance,
moderately improved the fitting of the (003) peak, while it inevitably deteriorated the fitting
in the other region. The origin of the deviation is yet unclear, but it is most likely attributed to
overlapping contribution of so called small-angle scattering for the smallest crystallites of
ZNC. Accordingly, we decided to exclude the smaller angle region below 20° of 20 from the
fitting, and this indeed led to an improved Rw.rxrp value of 0.068 as shown in Table 3Fable-3.
Even with the removal of the contribution of the (003) peak, L. could be determined because
it affects body-diagonal diffraction peaks as shown in Table 2. Thus determined
nanoparticlemeleetlar model of ZNC was even smaller than that of MgClz C. The crystallite
consists of a few Cl-Mg-Cl layers with its lateral dimension below 10 nm and no stacking

order (Pc =25 %).

[ ha formattato: Tipo di carattere: Non Grassetto
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All the fitting results reported in Table 3 were in good agreement with the qualitative

observations. Fe—be—impeortantNotably, the experimental PXRD patterns of disordered 6-

MgClz were well reproduced based on the conventional assumption of disorderedly stacked

nanoplates, irrespective of the method of activation. In the present work. Fthe reliability of

the fitting is-ebvieusly—clearly improvesd when compared to previous literature,” due to the

utilization of a synchrotron light source.
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lFigure 3.\ PXRD fitting results for MgCl. B, MgCl: C, and ZNC. The difference between the

C ato [p4]: Just a suggestion: in some previous

experimental and simulated patterns is shown as a green dotted line. The
meleeutarnanoparticle models based on the determined structural parameters are shown on

the right side of each graph.

Table 3. Structural parameters and fitting residual for the best-fit of the experimental PXRD

patterns

MgCL A MgCLB MgCLC ZNC ZNC
(20-55°)" (10-55°)"

Rurvio  n.a. 0.196  0.152  0.068 0.132
Pe[%] 100 64 43 25 25
L.[nm] 55 16.4 12.7 7.6 73
Ls[nm] 55 16.4 12.7 33 3.6
Lc[nm] 44 13.2 7.9 0.9 1.4

“PXRD simulation was not performed due to the large crystallite dimension. La, Ls and Lec
were determined with the Scherrer equation.

" Fitting was performed over different 26 ranges.

3.3 Simulation of PDF patterns for a series of MgCl> models

As in the case of PXRD, the impact of each structural parameter on the PDF patterns was
first investigated using the same series of meleeutarnanoparticle models reported in Table 1.
The simulated PDFs up to 1.6 nm are summarized in Figure 4Figure-4. The introduction of

stacking error (Pc70-Pc25 series) weakens the features related to the cubic packing (e.g. 1.1

and 1.3\ hqm), while new features corresponding to the other types of packing appear at e.g. \

ﬂl.OS and 1.45 nm. The damping along with the atomic distance r is induced by the thinning in

the c-axis (Lc series) and the in-plain miniaturization (Lab series), in accordance with the
19
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representation of the MgCl2 particles that you used for each
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but that representation had a good visual impact!
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[ Commentato [f1fH7]: (Wada) Definitely you are right.

Commentato [EG8]: I have difficulties to see it }

{ Commentato [f1FH9]: (Wada) Agree with you. I modified it.




corresponding crystallite dimensions. Indeed, since a PDF pattern reflects the density of the
repetition of atomic configuration, the PDF signal weakens as r approaches the crystallite
dimension, and eventually completely disappears when r exceeds the crystallite dimension.
Note that the first and the second peaks are not affected by any types of disorder.

Each type of disorder affects specific atomic pairs. The impact is, however, not so
distinctive as for PXRD. This is because one type of disorder affects several atom pairs
simultaneously, and a single PDF peak is formed by the contribution of multiple atom pairs,
(as shown by the simulated partial PDFs in top part of Figure 4. For example, the second PDF
peak (at 0.35 nm) already contains the contribution of CI-Cl and Mg-Mg pairs. Qualitative
discussion on the impact of different types of disorder on a PDF pattern is not so
straightforward as for PXRD, except for crystallite miniaturization. Thus, computer-aided

fitting with a structure model is indispensable for the interpretation of PDFs.
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Figure 4. Simulated PDF patterns using MgClz nanoparticlemeleeutar models with various

types and extents of disorder, as listed in Table 1Fable—t. The simulation was performed

using DISCUS (Qmax = 15 A™). For comparison, the simulated PDF of a-MgCl: is overlaid as
a dotted line. Partial PDFs for each possible atomic pair in the o-MgCl
nanoparticlemeleeular model are also given at the top of the graph. The simulated PDFs are

vertically translated for clarity.

3.4 Analysis of the experimental PDF patterns

Figure SFigure—5 summarizes the PDF patterns of the four samples acquired from the
synchrotron total scattering data. They are represented separately for long-range and short-
range regions in Figure SA and 5B, respectively. The long-range region is useful to evaluate
the crystallite dimensions. For instance, MgCl> A shows almost no damping in this range,
suggesting that its crystallite dimension is sufficiently larger than 10 nm and the occurrence

of stacking error is negligible. On the other hand, the other three samples show an intensity
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decay along with . Since MgCl> B and C do not completely lose intensity even when r
reaches 10 nm, the crystallite dimension is considered to be over 10 nm. The PDF of ZNC
completely diminishes at » = 5-8 nm, indicating the crystallite dimensions are below 5-8 nm.
These results well agree with the PXRD-determined crystallite dimensions of individual
samples.

In the short-range region, the PDFs are damped in the order of MgCl: A, B, C, and ZNC.
As discussed above, this damping of the PDFs should be caused by mix contribution of the
three types of disorder. On the other hand, the position and broadness of the first nearest peak
are found to be unchanged among the four samples (e.g. the position lies in 0.250 + 0.001
nm). This fact indicates that the stacking disorder as well as the crystallite miniaturization

hardly introduces lattice distortion in IMgClzTA even though the crystallite dimension of ZNC

(lower than 10 nm) is analogous to Ia-particular;-the-erystallite-dimension-of ZNC-isless-than

10-nm—whieh-is-the typical size of the occurrence of lattice distortion in the case of metal or

metal oxide nanoparticles\.51 [The| ionic nature of the MgClz crystal as well as the surface

capping by TiCls and donor molecules™ likely accounts for this observation.
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Figure 5. PDFs of mechanically and chemically activated 6-MgCl.. The PDFs are shown in

A) long-range and B) short-range regions.

As a final step, PDF fitting was performed using the same nanoparticlemeleettar models

discussed so far. The structural parameters were optimized in order to minimize the Rwror

value. Briefly, only the lattice constants (/o /s, ) }Were optimized for MgCl> A assuming an
infinite o-crystal of MgClz. Pe, I In I- and D (corresponding to the crystallite dimension

within a spherical approximation) were optimized for the relatively isotropic MgCl: B and C

samples. La, Ls, Lc, and P. Mere explicitly optimized for ZNC. Note that internal parameters

related to oy of Equation (6) were internally optimized for each meleeutarnanoparticle model.
The fitting results are summarized in Figure 6 and Table S2. As can be seen, satisfactory
agreements were obtained between the experimental and simulated PDFs with the Ruw.ror

values below 0.3. In particular, the intensity damping observed in MgCl: B and C were
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PDF fitting requires a rather larger computational cost. In the
case of ZNC, it is no problem since the PXRD-determined
model is not so big (number of atoms are several thousands).
For PDF fitting, the molecular model was placed in a surpercell
with a sufficient amount of vaccum layers to exclude the inter-

particle effects.

But it is not affordable for MgCI2 B and C because their
crystallite dimensions are huge. Instead of that, we applied the
periodic boundary condition with a spherical particle
assumption, D (equation 9). Note that the unit cells have a
large dimension in the c-direction in order to express stacking

disorder.

This is why MgCI2 B and C has la,b,c and D value, and ZNC
only has La,b,c.
Please see the chapter 2.2.4 for detail.
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adequately reproduced based on the cutoff diameter (D) of 18.7 and 13.7 nm, respectively.

|The\ corresponding particle volumes were highly consistent with those calculated from the

C ato [p17]: I rephrased according to what I

PXRD-determined dimensional parameters (reported in Table 3Fable—3). The damping

feature of the experimental [PDF of ZNC\ was also well reproduced with the simulation.

3.5 Cross-validation by combining PXRD and PDF

As stated in the experimental section, the PDF fitting has a larger number of fitting
parameters compared to the PXRD fitting, and it could be doubted if these parameters would
compromise the specificity of the determined nanoparticlemeleeular model. However, it must
be stressed that the best nanoparticlemeleettar models proposed from PDF fitting well
matched with the corresponding nanoparticlemeleentar models in PXRD. For example,
Figure S2 shows that deviation from the best-fit model monotonously deteriorated the fitting
quality. Herewith, structure determination of 8-MgCl: was first accomplished in a cross-
validated manner.

As a final comment, the cross-validation by the combination of PXRD, PDF, and
molecular simulation is a powerful method not only for structure determination of §-MgCls,
but also for verification of other disorder models. For instance, Di Noto et al. demonstrated
that a MgClz nanoribbon or a polymeric MgCl: structure also can reproduce a diffuse PXRD
pattern, but this statement was not verified by another analytical method.® As a natural
consequence of one-dimensional structure, such structures should have a decreasing atomic
density over the second coordination sphere. Hence, we created three melecular
nanoparticle models for one-dimensional MgClz, and simulated their PDFs (Figure 7Figure
7). As expected, the relative intensity of the second nearest peak is obviously smaller than
that observed in the experimental PDF of ZNC. The damping along with 7 is also much

faster due to the decreasing atomic density. Thus, chain-like MgClz structures can be
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excluded as models of ZNC. It is worth noticing that this conclusion is limited to the
Mg(OEt)-derived catalyst systems. Such a structure may exist for other ZNCs, especially
when the extent of the dealcoholation is sufficiently low for the MgClz-alcohol system. This

is another interesting issue to be addressed in thefelewingforthcoming studies.
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Figure 6. PDF fitting results. The difference between the experimental and simulated patterns

is shown as a green dotted line.
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Figure 7. Simulated PDF of one-dimensional MgClz nanoparticlemeleeutar models I, II, and

III. The experimental PDF of ZNC is also shown as a reference.

4. CONCLUSIONS

A detailed structural analysis of disordered 6-MgCl: in heterogeneous Ziegler-Natta
catalysts (ZNCs) was performed by synchrotron X-ray total scattering. Molecular simulation
aided the understanding of the impact of different types of disorder on powder X-ray
diffraction (PXRD) and pair distribution function (PDF), which is fundamental for a
comprehensive interpretation of the experimental results. By combining PXRD, PDF, and

molecular simulation, consistent nanoparticlemeleettar models were derived respectively for
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mechanically and chemically activated 6-MgCl.. The results supported the conventional
hypothesis that §-MgClz consists of disorderedly stacked nanoplates. HeweverNevertheless,
this study eerrespends—to-is the first attempt of applying synchrotron X-ray total scattering
technique in-order-to clarify the structure of §-MgCl: in a cross-validated manner.

Although it is widely recognized that the activation of MgCl: is an essential step for
improving the catalytic performances of ZNCs, the so formed §-MgClz was never sufficiently
characterized because of certain difficulties in the experimental investigation. The structural
method presented in this study, based on the combination of PXRD, PDF, and meleeular
simulation, together with the surface analysis tackled in the second part of this work,” givea

petential-selationshed a new light for this long-standing problem, defining the dimension,

disorder, and morphology of 6-MgCl in ZNCs.
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