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ABSTRACT: The structural, vibrational and electronic properties of silica-supported Ziegler-Natta catalysts industrially relevant 

for polyethylene production were investigated in details by means of a multi-technical approach, at each step of catalyst preparation 

- including pre-catalyst activation. In the pre-catalyst, the TiClx phase is mainly grafted to the silica surface, and almost independent 

of the supported MgClx phase. However, the subsequent activation by means of an aluminum-alkyl compound causes important 

changes to both, the supported MgClx phase and the TiClx phase. The resulting catalyst is entirely reconstructed, so that most of the 

titanium sites are detached from the silica surface and in interaction with a highly dispersed MgCl2 phase, thus mimicking the most 

famous and highly investigated Ziegler-Natta catalysts (not silica-supported). For the first time, the catalyst performances were 

monitored by means of in situ FT-IR spectroscopy in transmission mode, simulating industrially significant polymerization 

conditions (i.e. ethylene is fed onto the catalyst in the presence of the activator and of the solvent). These results demonstrate that it 

is now possible to achieve a complete description at a molecular level of all the constituents of Ziegler-Natta catalysts, at each step 

of the catalyst preparation.  

KEYWORDS: Ziegler-Natta catalysts; polyethylene; polymerization; in situ spectroscopic techniques; silica. 

1. INTRODUCTION 

Heterogeneous Ziegler-Natta catalysts for polyolefins 

production are among the most employed and versatile 

catalysts in the chemical industry, and probably those having 

the largest impact not only in science, but in everyday life. 

The extraordinarily large number of polymer architectures 

today available and the remarkable rapid progress in 

polyolefin technology, are closely associated with the 

catalyst’s development and innovation in process technology. 

Since their discovery in 1960s, heterogeneous Ziegler-Natta 

catalysts have progressed enormously, making it possible to 

produce advanced polyolefin materials having tailored 

properties. Today, Ziegler-Natta catalysis allows a precision 

synthesis of polyolefins, based on the exact assembly of the 

olefin monomers at the nano-scale through the intervention of 

the active catalytic sites.
1-3

 

Most of the breakthrough in this field was the result of a 

trial-and-error approach, commonly adopted not only in the 

chemical industries involved in polyolefin production, but also 

in the academic laboratories. The opposite method to improve 

the catalyst’s performances, that is a full elucidation of the 

catalyst’s structure by means of combined spectroscopic and 

structural experimental methods, is much less widespread.
4
 In 

situ investigation of heterogeneous Ziegler-Natta catalysts is 

hampered by two main problems: i) the active species are only 

a few of a number (whereas the majority are spectators), 

which altogether determine the behavior of the catalytic 

system; ii) the ease of contamination, which implies that 

comparing or combining data obtained in different laboratories 

is risky.
5
 For these reasons, so far most of the experimental 

investigations on heterogeneous Ziegler-Natta systems were 

focused on the pre-catalyst only, i.e. the system before 

interaction with the activator, usually an aluminum-alkyl 

compound. Pre-catalysts are simpler in chemical composition 

and much less sensitive to contamination. Although the 

properties of the pre-catalyst might have an influence on those 

of the catalyst, it was demonstrated that the activator causes a 

substantial transformation in the pre-catalyst, involving all the 

components and not only the active phase.
5-8

 Therefore, 

elucidation of the catalyst structure requires the ability to 

investigate the system in the presence of the activator, if not in 

the presence of both the activator and the olefin monomer, i.e. 

in reaction conditions. 

In situ and operando studies are nowadays common in 

catalysis and have provided substantial progresses in the 

understanding of the catalyst’s performances in many 

important catalytic processes.
9-19

 The experimental tools have 

progressed enormously in the last years, allowing to 

investigate catalysts in action, even in extreme conditions 

(high temperature, high pressure, etc.) and with increasing 

time- and space-resolution. Unfortunately, application of these 

methods to Ziegler-Natta catalysts is still at the beginning.
5
 

Among the few studies on Ziegler-Natta catalysts in action, we 

mention the in situ optical observation of growing 

polypropylene particles on heterogeneous Ziegler-Natta 

catalysts.
20,21

 Although fascinating, these results give 

information on the kinetics of the polymerization only, but 

they are not informative about the structure of the active sites 

on a molecular scale. A few efforts in this direction were 

attempted by means of surface science methods applied to 

planar models of Ziegler-Natta catalysts. Thune and his group 



 

developed a smart experimental set-up which allows to 

monitor each step of catalyst preparation (including pre-

catalyst activation) and olefin polymerization, by means of in 

situ ATR-IR spectroscopy.
22-25

 Very recently, a detailed 

characterization of potential catalytically active sites in an 

activated MgCl2-supported industrial Ziegler–Natta catalyst 

was achieved also by means of advanced EPR techniques
26

 

that, however, are completely silent towards all other 

catalyst’s constituents. Hence, we could safely say that, 

despite these little efforts, the structural and electronic 

properties of the titanium active sites and their relation with all 

the catalytic body in heterogeneous Ziegler-Natta catalysts 

remain substantially a black-box. 

Recently, we have been involved in a systematic 

investigation of heterogeneous Ziegler-Natta catalysts based 

on titanium and magnesium chloride tetrahydrofuranates, 

which have been patented in the early 1970s,
27,28

 and are 

facing a new youth in the very last years because of the 

increasing attention of academic laboratories.
5,7,8,29-31

 In our 

previous works we have demonstrated the potential of a multi-

technique approach in unraveling the nature of the active TiClx 

phase in catalysts obtained by reacting together titanium and 

magnesium chloride tetrahydrofuranate precursors and the 

aluminum-alkyl activator.
7,8

 The investigation is more 

complex when the TiClx and MgClx phases are simultaneously 

supported on dehydroxylated silica in presence of 

tetrahydrofuran. This catalyst was developed in the 1980s by a 

group of scientists from Union Carbide Corporation in order to 

be used in the UNIPOL process to produce high density 

polyethylene.
32-38

 The use of polymer-grade dehydroxylated 

silica as a support in polymerization catalysts is nowadays 

quite common, since it provides a larger surface area along 

with a good control of the polymer morphology.
38-42

 Although 

silica is often described just as a template to produce 

polyethylene particles having the right particle size and 

particle size distribution suitable for gas-phase processes, it is 

now well documented that it plays also an active role in 

defining the properties of the catalyst as a whole.
5,43-46

 The 

simpler SiO2/Ti system (where Ti stands for TiCl4(thf)2 

precursor, thf = tetrahydrofuran) has been the subject of a 

previous investigation by means of X-ray Powder Diffraction 

(XRPD), FT-IR, UV-Vis, X-ray Absorption Spectroscopy 

(XAS) and valence-to-core X-ray Emission Spectroscopy (vtc-

XES) techniques.
47

 We have demonstrated that the synergic 

combination of these techniques allows to reach a complete 

scenario on the properties of the supported titanium phase. 

Herein we proceeded the investigation by looking at the 

SiO2/TiMg pre-catalyst (where Ti stands for TiCl4(thf)2 

precursor, and Mg for the MgCl2(thf)1.5, precursor, thf = 

tetrahydrofuran), and at the catalyst originated after interaction 

with the aluminum-alkyl activator (TOAl = trioctyl-

aluminum). The whole arsenal of characterization techniques 

cited above allowed us to obtain information on the role of the 

activator in constructing the catalytically active phase, not 

only in terms of titanium sites, but also considering the MgClx 

phase as well as the thf donor and the silica support. 

Ultimately, we looked at the catalyst in action by means of in 

situ FT-IR spectroscopy, mimicking industrially significant 

ethylene polymerization conditions.  

2. EXPERIMENTAL 

2.1 Materials. Davison sylopol silica 955 grade (surface 

area = 276 m
2
/g, pore volume = 1.76 ml/g, average pore 

diameter = 266 Å, average particle size = 31 μm) was used as 

support, after a pre-treatment in air at 550°C for 8 hours, 

followed by a cooling step carried out in nitrogen atmosphere. 

TiCl4(thf)2 and MgCl2(thf)1.5 precursors were synthesized 

following the recipe reported elsewhere.
48

 The silica-supported 

samples were prepared following a procedure similar to that 

adopted in our previous work,
47

 and in agreement with that 

reported in the original patents.
32,33

 Briefly, the two precursors 

were dissolved in dry tetrahydrofuran (thf) and impregnated 

on dehydroxylated SiO2 in controlled atmosphere, using 

Schlenk technique, resulting in titanium loading of 4 wt% and 

magnesium loading of 1.6 wt%. The excess of the solvent was 

further removed by gently heating the sample up to ca. 60 °C. 

The resulting pre-catalyst will be called hereafter SiO2/TiMg. 

Single-phase silica-supported samples having the same 

amount of titanium (or magnesium) were prepared following 

the same method; these samples will be referred in the 

following as SiO2/Ti and SiO2/Mg. 

The catalyst was prepared from pre-catalyst (in the form of 

powder or pellet, depending on the measurement) upon 

impregnation with trioctylaluminum (TOAl, Aldrich, 25% 

diluted in heptane, approximate Al/Ti ratio of 10:1), inside a 

N2-filled glove-box. This preparation step was always 

accomplished immediately before the measurement in order to 

prevent catalyst deactivation. The so prepared catalyst 

(hereafter, SiO2/TiMg/TOAl) was then transferred into the 

measurement cell. For in situ FT-IR measurements during 

polymerization, deuterated ethylene (equilibrium pressure 

PC2D4 = 100 mbar) was directly dosed into the reaction cell, 

after the evacuation of N2. This procedure was found to be 

critical, because removal of N2 may cause also a partial 

removal of the heptane solvent followed by a fast deactivation 

of the catalyst. For this reason, evacuation of N2 was 

performed by keeping the catalyst cold by means of a liquid 

nitrogen cold point. Then the catalyst was allowed to warm up 

to room temperature, followed by dosage of d-ethylene into 

the measurement cell.  

Table 1 contains a summary of all the samples investigated 

in this work, of the short labels, and of the corresponding 

entries as adopted in the Figures.  

Table 1. Summary of all the samples investigated in this 

work. 

Entry Short label Full name 

0 Mg MgCl2(thf)1.5 

1 SiO2/Mg SiO2/MgCl2(thf)1.5 

1’ SiO2/Ti SiO2/TiCl4(thf)2 

2 SiO2/TiMg SiO2/TiCl4(thf)2/MgCl2(thf)1.5 

3 SiO2/TiMg/TOAl SiO2/TiCl4(thf)2/MgCl2(thf)1.5 + TOAl 

4 
SiO2/TiMg/TOAl + 

C2D4 

SiO2/TiCl4(thf)2/MgCl2(thf)1.5 + TOAl 

 + C2D4 

2.2 Techniques. X-ray Powder Diffraction (XRPD). X-ray 

Powder Diffraction patterns were collected with a PW3050/60 

X'Pert PRO MPD diffractometer from PANalytical working in 

Debye-Scherrer geometry, using as source a Cu anode filtered 

by a Ni foil to attenuate the Kβ line and focused by a 

PW3152/63 X-ray mirror (λ = 1.5409 Å). The samples were 

measured as powders inside a 0.8 mm boron-silicate capillary 

sealed in inert atmosphere. 

X-ray Absorption Spectroscopy (EXAFS and XANES). Ti K-

edge EXAFS spectra were collected at the BM26A beamline 



 

(DUBBLE) at the European Synchrotron Radiation Facility 

(ESRF, Grenoble, F).
49

 The white beam was monochromatized 

using a Si(111) double crystal; harmonic rejection was 

performed by using silicon mirrors. Due to the fact that Ti K-

edge was the lowest energy feasible at DUBBLE and that the 

samples investigated were quite inhomogeneous, it was 

mandatory to develop a full feedback strategy for keeping full 

beamline flux whilst keeping beam delivery at a fixed exit 

point. EXAFS scans at low energies bring out the worst of the 

monochromators alignment issues and exit beam swing. To 

this purpose, two feedback systems were implemented:
50

 i) a 

position feedback, to keep beam delivered at a single vertical 

position within a 2 micrometer window (it acts on the mirrors) 

within the whole EXAFS scan; and ii) a I0 feedback, to keep I0 

optimal throughout the EXAFS scan (it acts on the second 

crystal of the monochromator). 

Due to titanium dilution and to the absorbing nature of the 

support, EXAFS spectra were collected in fluorescence mode, 

by means of a 9 elements germanium monolithic detector. The 

intensity of the incident beam was monitored by an ionization 

chamber filled with 1.2 bar of 5% N2 – 95% He mixture, 

resulting in a 10% efficiency in the middle of the EXAFS 

scan). All the samples were manipulated in controlled 

atmosphere, inside an argon-filled glove-box. The samples 

were measured in the form of self-standing pellets, inside a 

home-made quartz cell equipped with two kapton windows. 

Argon was removed from the cell before the measurement, 

because it absorbs a high fraction of the incoming beam at the 

low energy of Ti K-edge. For the catalyst in presence of 

TOAl, care was taken to remove argon by keeping cold the 

sample, to avoid removal of TOAl and/or heptane, and 

consequent deactivation of the catalyst. 

The XANES part of the spectra was acquired with an energy 

step of 0.4 eV and an integration time of 2s/point. The EXAFS 

part of the spectra was collected up to 12 Å
-1

 with a variable 

sampling step in energy, resulting in a constant sampling step 

in k-space of Δk = 0.05 Å
-1

, and an integration time that 

linearly increases as a function of k from 5 to 20 s/point to 

account for the low signal-to-noise ratio at high k values. For 

each sample, at least four equivalent EXAFS spectra were 

acquired and averaged before the data analysis. The extraction 

of the χ(k) functions was performed using Athena program.
51

 

Once extracted, the k
3
-weighted χ(k) functions were Fourier 

transformed in the Δk = 2.0 – 10.0 Å
-1

 range. This Δk interval 

has been selected in a conservative way, i.e. in order to avoid 

the introduction of false signals in the FT. The fits were 

performed in R-space (in the ΔR = 1.0 – 3.0 Å range, resulting 

in a maximum number of independent parameters 2Δk ΔR/π 
larger than 10), using the Arthemis program.

51
 Phase and 

amplitudes were calculated by FEFF6.0 code.
52

 

X-ray Emission Spectroscopy (XES). XES experiments were 

performed at beamline ID26 of the European Synchrotron 

Radiation Facility (ESRF, France). The incident energy (h) 

was selected by means of a pair of cryogenically cooled 

Si(311) single crystals (higher harmonics were suppressed by 

three Si mirrors operating in total reflection). The fluorescence 

photon energy (h) was selected using an emission 

spectrometer working in vertical Rowland Geometry 

employing five Ge(331) spherically bent analyzer crystals of 

radius 1000 mm covering 70-110 degrees in the horizontal 

scattering plane. The emitted photons were detected using an 

avalanche photo-diode. The total energy bandwidth was 0.9 

eV (as determined from the full width at half maximum of the 

elastically scattered peak). The sample to crystal analyzer to 

photodiode path undergone by the Ti fluorescence photons 

occurs inside a slightly over-pressured He bag limiting the X-

ray absorption. The samples were found to suffer from 

radiation damage on a fast timescale (about 10 s), due to the 

high photon flux adopted during vtc-XES measurements 

(more than 10
12

 photons per second). To circumvent this 

problem, each point of the vtc-XES spectrum was collected on 

a different sample spot irradiated for 2 seconds, and the 

intensity was normalized to the total fluorescence-yields 

signal, integrated over the Ti K and K lines, recorded with a 

solid-state detector. The micrometric size of the beam and the 

large size of the sample (4 cm
2
) allowed us to have sufficient 

fresh points on the sample to collect a full vtc-XES spectrum. 

As for XAS, the samples were measured in the form of self-

supporting pellets prepared inside a glove-box and placed 

inside a cell with kapton windows. Also in this case, the cell 

was outgassed before measurements in order to remove argon, 

which absorbs most of the beam at this low energy. The 

background of the vtc-XES spectra, due to the Kβ1,3 peak tail, 

was subtracted according to the procedure discussed in Ref. 
53,54

. Preliminary DFT calculations were performed within the 

one electron approximation using the ORCA 2008 code.
55

 

Diffuse Reflectance UV-Vis Spectroscopy (DR UV-Vis). 

UV-Vis-NIR spectra were collected in Diffuse Reflectance 

mode on a Cary5000 Varian spectrophotometer. All the 

samples were measured in the powdered form inside a cell 

having an optical window (suprasil quartz) and allowing to 

perform measurements in controlled atmosphere. 

IR spectroscopy (Mid-IR and Far-IR). FT-IR spectra in the 

Mid-IR region were acquired in transmission mode on a 

Bruker Vertex70 spectrophotometer equipped with a MCT 

detector, at a resolution of 2 cm
-1

. The samples were measured 

in the form of self-supporting pellets inside a quartz cell 

equipped with KBr windows in controlled atmosphere. Far-IR 

spectra were collected at a resolution of 4 cm
-1

 with the same 

instrument, after changing the optics (Si beam splitter) and the 

detector (Far-IR DTGS). The samples were mixed with 

paraffin (which is perfectly transparent in the Far-IR region) 

inside the glove-box and measured in form of pellets. Paraffin 

protects the samples from air contamination at least for the 

time necessary to perform the measurement (a few minutes). 

3. RESULTS AND DISCUSSION  

3.1 From the pre-catalyst to the catalyst. Identification of 

the crystalline phases. The XRPD patterns of the SiO2/TiMg 

pre-catalyst and of the catalyst are show in Figure 1, together 

with those of the magnesium chloride tetrahydrofuranate 

precursor and of SiO2/Mg. When the titanium and magnesium 

chloride tetrahydrofuranate precursors are simultaneously 

present on silica (curve 2), well defined diffraction peaks are 

observed in the XRPD pattern, overlapped to the broad peak 

due to amorphous silica (2θ = 22°). The sharp peaks are 

characteristic of the crystalline magnesium precursor (curve 

0).
7
 It is important to notice that when the two titanium and 

magnesium chloride tetrahydrofuranate precursors are reacted 

together in thf solution in absence of silica, a micro-crystalline 

Ti-Mg  



 

 

Figure 1. XRPD patterns ( = 1.5409 Å) of magnesium chloride 

tetrahydrofuranates precursor (curve 0), SiO2/Mg single-phase 

sample (curve 1), SiO2/TiMg pre-catalyst (curve 2), and 

SiO2/TiMg/TOAl catalyst (curve 3). The patterns have been 

vertically translated for clarity.  

ionic complex is formed, which is characterized by a peculiar 

XRPD pattern.
7,28,34,35,56,57

 Such a complex is not observed in 

the present case. This observation clearly shows that silica 

does not simply act as a template to host the same catalytic 

phase that would be formed in its absence, but plays an active 

role in the construction of the catalyst.  

Interestingly, in the presence of the magnesium precursor 

only (in the same amount) no diffraction peaks are observed in 

the XRPD pattern (Figure 1, curve 1). This suggests that in the 

presence of the titanium phase the dispersion of the Mg phase 

on silica decreases. In order to further clarify this 

phenomenon, a different bi-metallic pre-catalyst was prepared 

by following a double impregnation method: the magnesium 

chloride tetrahydrofuranate precursor was added at first, 

followed by impregnation of the titanium precursor. The 

resulting XRPD pattern (not reported) was the same as for the 

SiO2/TiMg sample prepared via a single impregnation 

procedure. Thus, we conclude that the titanium chloride 

tetrahydrofuran precursor has a better affinity towards the 

silica than the magnesium precursor. However, the XRPD data 

do not give any information about the localization of the TiClx 

phase on the silica surface and its eventual interaction with the 

MgClx phase in the SiO2/TiMg pre-catalyst. 

Addition of TOAl to the pre-catalyst causes a remarkable 

change in the diffraction pattern (Figure 1, curve 3): the peaks 

identifying the crystalline magnesium-containing phase are no 

more observed, and only the broad halo due to amorphous 

silica remains. Hence, we conclude that the co-catalyst 

interacts strongly with the silica-supported MgClx phase. 

Again, no information can be obtained on the structure of the 

active TiClx phase. 

Vibrational properties. Successively, FT-IR spectroscopy 

was employed to investigate the vibrational properties of both 

the pre-catalyst and the catalyst. Indeed, FT-IR spectroscopy is 

a precious technique to evaluate the occurrence of Ti grafting 

through surface ≡SiOH groups, as previously demonstrated by 

some of us for the single phase SiO2/Ti sample,
47

 and as 

reported in literature for the similar SiO2/TiCl4 system,
58-63

 and 

for several organometallic complexes of general formula 

XxMLn (where M = transition metal, X = halogen, and L = 

ligand).
64-71

 

 

Figure 2. Parts a) and b): Mid-IR and Far-IR spectra of 

SiO2/TiMg (curve 2) compared to those of bare SiO2. A 

magnification of the Far-IR region is displayed in the inset of part 

b), where it is shown also the spectrum of the magnesium 

precursor (curve 0). Parts c), d) and e) show magnifications of the 

spectral regions where the main absorption bands characteristic of 

thf vibrations appear. The spectrum of the magnesium precursor is 

also shown for comparison (curve 0). Same color code as in parts 

a) and b). Parts f) and g): Mid-IR and Far-IR spectra of 

SiO2/TiMg/TOAl (curve 3). A magnification of the Far-IR region 

is displayed in the inset of part g), where it is shown also the 

spectrum of crystalline MgCl2. 

The FT-IR spectrum of SiO2/TiMg pre-catalyst is shown in 

Figure 2 (curve 2) in the whole Mid-IR (part a) and Far-IR 

(part b) regions, in comparison to that of dehydroxylated silica 

(curve SiO2). The two spectra are dominated by the intense 

bands due to Si-O vibrational modes of the silica framework 

(1400-950 cm
-1

) and by their overtone modes (2100-1550 cm
-1

 

region).
72

 The sharp absorption band observed at 3746 cm
-1

 in 

the spectrum of pure silica, due to isolated surface silanol 

groups, is almost completely consumed in the spectrum of 

SiO2/TiMg. A fraction of the free silanols has been consumed 

because of titanium grafting, as testified by the presence, in 

the spectrum of SiO2/TiMg, of two broad bands around 925 

and 675 cm
-1

, well evident in narrow frequency regions of 

transparency. These bands were previously assigned to 

perturbation of the Si-O framework modes due to titanium 

grafting.
59,60,62

 Moreover, the consumption of the free surface 

silanols in the spectrum of SiO2/TiMg is also associated to the 

appearance of a broad absorption band centered around 3425 

cm
-1

, which can be explained in terms of v(OH) of ≡SiOH 

species hydrogen-bonded to some ligand acting as a Lewis 

base (either a partially uncoordinated titanium sites, or thf 

itself). The corresponding δ(OH) absorption band is observed 

around 1630 cm
-1

. This result is different from what found for 

the single phase SiO2/Ti sample, where only the grafting of the 

titanium precursor was observed.
47

 

In addition, the spectrum of SiO2/TiMg shows narrow 

absorption bands characteristic of thf vibrational modes,
73

 in 



 

the regions 3050-2800 cm
-1

 (CH2 stretching, Figure 2c), 1500-

1300 cm
-1

 (bending, wagging and twisting modes, Figure 2d), 

and 1100-600 cm
-1

 (C-O-C bending modes, Figure 2e). 

Comparison with the IR spectrum (collected in ATR mode) of 

the magnesium chloride tetrahydrofuranate precursor (curve 0) 

provides an evidence that most of the thf present in the sample 

is attached to magnesium sites rather than to titanium sites. 

Indeed, the vibrational modes of thf ligands (especially those 

in the 1100-600 cm
-1

 wavenumber region) are very sensitive to 

the Lewis acidity of the metal center to which they are 

bonded.
7,56

 Also in the Far-IR region the spectrum of 

SiO2/TiMg closely resembles that of the magnesium precursor, 

characterized by a complex series of absorption bands, at least 

partially related to Mg-Cl vibrations. 

Summarizing, FT-IR spectroscopy suggests that: i) the 

titanium precursor is mostly grafted to the silica support 

through surface ≡SiOH groups, as already found for the 

single-phase SiO2/Ti sample; ii) at least a fraction of the 

magnesium precursor remains unaltered on the silica surface 

(same vibrational properties), in agreement with the XRPD 

data (Figure 1, curve 2); iii) thf is still present in large amount, 

but mainly bonded to the MgClx phase. 

The IR spectrum of the SiO2/TiMg/TOAl catalyst (curve 3 

in Figure 2f) is remarkably different from that of the pre-

catalyst (curve 2 in Figure 2a-e) in all the investigated 

wavenumber region. In particular: i) the whole spectrum is 

flattened (the inter-particle scattering of light decreases, 

because the pellet is wet); ii) the broad absorption band in the 

v(OH) region completely disappears; iii) the spectrum is 

dominated by the intense (and out-of-scale) absorption bands 

due to ν(CHx) (3000-2800 cm
-1

) and δ(CHx) (1500-1300 cm
-1

) 

vibrational modes characteristic of TOAl and of the heptane 

solvent; iv) unfortunately, nothing can be said about the 

destiny of thf, since the corresponding absorption bands fall in 

wavenumber regions obscured by the previously mentioned 

intense bands; v) finally, in the Far-IR region (Figure 2g), the 

complex absorption bands due to the magnesium chloride 

tetrahydrofuranates phase disappear and are substituted by a 

well-defined band centered at 250 cm
-1

, which is assigned to 

MgCl2 (compare curve 3 with the spectrum of a MgCl2 

reference, inset in Figure 2g). Therefore, it is possible to 

conclude that TOAl has a profound effect on the silica-

supported MgClx phase (in agreement with XRPD data, Figure 

1, curve 3), in that it removes most of the thf ligands and 

promotes the formation of a highly dispersed MgCl2 phase, not 

detected by XRPD but well visible in the Far-IR spectrum.   

Titanium oxidation state and local symmetry. The electronic 

properties of the SiO2/TiMg pre-catalyst and the 

corresponding SiO2/TiMg/TOAl catalyst were investigated by 

means of DR UV-Vis and Ti K-edge XANES spectroscopy. 

The DR UV-Vis spectra are dominated by the electronic 

properties of the Ti-containing phase, whereas the MgClx 

phase is expected to contribute in the far UV region. Ti K-

edge XANES spectroscopy is an element selective technique 

and as such provides information on the titanium sites only. 

Both techniques are sensitive to titanium oxidation state and 

local symmetry.
5,7,74

 

 

Figure 3. Diffuse Reflectance UV-Vis spectra in Kubelka-Munk 

units (part a) and normalized XANES spectra (part b) of SiO2/Ti 

(curve 1’), SiO2/TiMg (curve 2) and SiO2/TiMg/TOAl (curve 3).  

The DR UV-Vis and normalized XANES spectra of the pre-

catalyst (curves 2 in Figure 3a and b, respectively) are very 

similar to those of the single phase SiO2/Ti sample previously 

investigated (curves 1’).
47

 This observation provides a strong 

evidence that the titanium sites do have the same formal 

oxidation state (i.e. +4), and a similar coordination in the two 

cases (i.e. in average 6-fold coordination, where most of the 

chlorine ligands originally surrounding the titanium sites are 

substituted by oxygen ligands upon grafting on silica). Going 

in more details, the intense edge observed in the UV-Vis 

spectra around 30000 cm
-1

 is mainly due to O → Ti charge-

transfer transition.
5,74,75

 The pre-edge peak observed around 

4970 eV in the XANES spectra is assigned to 1s → 3pd 

transitions.
5,47,75

 The low intensity of this peak (about 0.2 in 

normalized absorption) is indicative of a high coordination, in 

agreement with UV-Vis data. Both pre-edge and edge regions 

are quite broad, indicating a large heterogeneity of titanium 

sites. 

Addition of TOAl causes significant changes in both DR 

UV-Vis and XANES spectra, which testify a reduction of the 

titanium sites. In particular, in the UV-Vis spectrum a broad 

and unstructured absorption appears in the visible region, 

where d-d transitions characteristic of Ti
3+

 sites in a 6-fold 

coordination are expected to occur.
76

 Simultaneously, the 

intense edge in the charge-transfer region becomes broader 

and shifts at higher wavenumber values. In the XANES 

spectra, the absorption edge shifts towards lower energy (from 

4979 to 4977 eV, as evaluated at the maximum of the 

derivative spectra), as expected for reduction of Ti
4+

 to Ti
3+

; 

simultaneously, the pre-edge peak decreases in intensity, 

becomes broader and slightly shifts at lower energy. In 

summary, both UV-Vis and XANES spectra demonstrate that 

TOAl reduces the Ti
4+

 sites originally grafted at the SiO2 

surface to a large variety of Ti
3+

 sites, as expected on the basis 

of the specialized literature.
1-2

  

Local structure around titanium sites and ligands 

identification. The broad character of both DR UV-Vis and Ti 

K-edge XANES spectra does not allow to extract precise 

information on the nature of the titanium phase in both pre-

catalyst and catalyst. For this reason, we turned our attention 

to two element selective spectroscopic techniques (EXAFS 

and vtc-XES), whose potential in characterizing the type of 

ligands and the local structure of transition metals on 

inorganic matrices was largely demonstrated in the past.
5,11,44

 



 

 

Figure 4. Phase-uncorrected Fourier-Transform (in both modulus 

and imaginary parts, parts a and b, respectively) of the k3-

weighted χ(k) EXAFS function for SiO2/Ti (curve 1’), SiO2/TiMg 

(curve 2) and SiO2/TiMg/TOAl (curve 3). The spectra were 

extracted in the Δk = 2.0 – 10.0 Å-1 range, and vertically 

translated for clarity. 

The phase-uncorrected Fourier Transform (FT) of the k
3
χ(k) 

EXAFS function for the SiO2/TiMg pre-catalyst is shown in 

Figure 4 (curve 2) in both modulus and imaginary parts (parts 

a and b, respectively), in comparison with that of the single-

phase SiO2/Ti sample (curve 1’) that was discussed in our 

previous work.
47

 Both spectra are dominated by two main 

contributions, centered around 1.4 and 2.0 Å, respectively 

(values not phase-corrected), which were assigned to the co-

presence of oxygen and chlorine ligands around the titanium 

site. The similarity of the two spectra provides an evidence 

that the local structure around the titanium sites is comparable 

in the two samples, in agreement with DR UV-Vis and 

XANES data. Hence, the presence of the MgClx phase seems 

to have a minor effect in influencing the local structure of the 

titanium sites in the pre-catalyst, which are prevalently grafted 

to the silica surface through Ti-O bonds. 

The FT of the EXAFS spectrum for the catalyst obtained 

after the interaction of the pre-catalyst with TOAl is 

substantially different, testifying that some changes occurred 

in the local structure of the titanium sites. In particular, the 

spectrum of the catalyst is less intense than that of the pre-

catalyst and is dominated by a first shell signal centered 

around 1.4 Å (with a shoulder around 1.0 Å), whereas the 

signal at the longer distance characteristic of chlorine ligands 

is almost disappeared (particularly evident in the imaginary 

part). Hence, from a qualitative analysis of the EXAFS 

spectrum, it might be suggested that upon interaction of the 

pre-catalyst with TOAl most of the titanium sites remain 

attached to the silica surface and the few chlorine ligands 

originally present are removed. However, the data discussed 

above demonstrated that activation by TOAl promotes the 

formation of a highly dispersed MgCl2 phase. In presence of 

such an important structural rearrangement, it must be taken 

into account the possibility that the titanium phase may be 

detached from the silica surface and may interact with MgCl2, 

mimicking what happens for heterogeneous MgCl2-based 

Ziegler-Natta catalysts. 

Unfortunately, a quantitative analysis of the EXAFS spectra 

was heavily affected by problems intrinsic to the nature of the 

analyzed sample, and possibly common to other systems. The 

main problem is related to the presence in the titanium 

coordination sphere of several ligands at similar coordination 

distances, whose contribution is at least partially out-of-phase.  

Table 2. Optimized parameters in the analysis of the 

EXAFS spectrum for the SiO2/TiMg/TOAl according to 

three different structural models of increasing complexity. 

Nind = 2kR/ > 10. 

Variables FIT 1 a FIT 2 b FIT 3 c 

ΔE (eV) -6 ± 3  -4 ± 3  -4 ± 2 

NO 3.2 ± 1.0 3.3 ± 0.9 1.1 ± 0.5 

RO (Å) 1.90 ± 0.03 1.92 ± 0.02 1.84 ± 0.02 

σO
2 (Å2) 0.019 ± 0.006 0.019 ± 0.006 0.007 ± 0.005 

NClt   1.8 ± 0.6 

RClt (Å)   2.18 ± 0.03 

σClt
2 (Å2)   0.013 ± 0.003 

NClb  0.3 ± 0.4 1.8 ±0.6 

RClb (Å)  2.46 ± 0.03 2.43 ± 0.03 

σClb
2 (Å2)  0.005 ± 0.014 0.013 ± 0.003 

Rfactor 0.06 0.02 0.01 

a) 
FIT 1 was performed by considering the contribution of 

only oxygen ligands; 
b) 

FIT 2 considered the presence of two 

type of ligands: oxygen and chlorine (Clb = bridged chlorine); 
c) 

FIT 3 was done by adding to the model used in FIT 2 the 

contribution from a second type of chlorine ligand (Clt = 

terminal chlorine), at shorter distance. 

This means that any quantitative evaluation of the titanium 

coordination numbers is simply not meaningful and, at most, 

only coordination distances can be determined. An example of 

the problems encountered in the data analysis is discussed 

below for the SiO2/TiMg/TOAl catalyst. Different strategies 

were followed to fit the experimental spectrum, as 

summarized in Table 2. Figure 5 shows the best fits 

overlapped to the experimental data, and the separate 

contributions of different ligands to the fits. 

A first fit (FIT 1 in Table 2 and Figure 5a and b) was 

attempted by including the contribution of oxygen only. The 

fit was performed by optimizing the following parameters: i) 

ΔE0; ii) the coordination number (NO), that was re-normalized 

to the S0
2
 value obtained by fitting the signal of TiO2 reference 

compound; iii) the Ti-O distance; iv) the Debye-Waller factor 

(σO
2
). The results are summarized in Table 2: in average, each 

titanium atom is surrounded by 3.2 ± 1.0 oxygen ligands at a 

distance of RO = 1.90 ± 0.03 Å, with a quite large Debye-

Waller factor (σO
2
 = 0.019 ± 0.006 Å

2
). Although the 

coordination distance looks reasonable, the number of ligands 

is clearly underestimated. The fit is obviously unable to 

reproduce the experimental signal in the 2.0-3.0 Å region, 

which is due to at least one additional coordination shell 

overlooked in the model of FIT 1. This problem is considered 

in FIT 2. However, the results do not greatly change by 

considering the co-presence of oxygen and chlorine ligands 

(Clb = bridged chlorine), that may be present if the titanium-

containing phase interacts with the highly dispersed MgCl2 

phase. FIT 2 (Figure 5d) was performed by optimizing the 

following parameters: i) a single ΔE0, common to the two 

scattering paths; ii) the coordination numbers for both ligands 

(NO and NClb), re-normalized to the S0
2
 values obtained by 

fitting the signals of TiO2 and α-TiCl3 reference compounds; 

iii) the two Ti-L distance (L = ligand); iv) the two Debye-

Waller factors for the two ligands. According to the fit, in 

average each titanium atom has only 3.6 ligands, which is 

incompatible with the other available experimental data. 



 

 

Figure 5. Analysis of the EXAFS spectrum for the 

SiO2/TiMg/TOAl catalyst. Parts a) and b) refer to FIT 1, which 

includes the contribution of only oxygen ligands. The 

experimental phase-uncorrected FT of the k3χ(k) EXAFS function 

is shown in both modulus and imaginary parts (dotted curves in 

parts a and b, respectively), overlapped to the result of the fit (full 

lines). The contributions of the oxygen ligands is also shown, 

vertically translated for clarity. Parts c) and d) are the same for 

FIT 2, which includes the contributions of oxygen and chlorine 

(Clb) ligands. Parts e) and f) are the same for FIT 3, which 

includes an additional chlorine ligand at shorter distance (Clt). 

The results of the three fits are summarized in Table 2. 

A third fit (FIT 3 in Table 2 and Figure 5e and f) was then 

performed by considering, in addition to the two ligands used 

in FIT 2 the presence of a second type of chlorine ligands (Clt 

= terminal chlorine) at a distance shorter than Clb. It is worth 

noticing that the co-presence of terminal and bridged chlorine 

ligands (at shorter and longer distances, respectively) in the 

titanium coordination sphere was recently reported by some of 

us for analogous Ziegler-Natta catalysts not silica-supported.
8
 

The agreement with the experimental data is better than FIT 2 

(Rfactor in Table 2). In this case the coordination numbers are 

completely reversed: 1.1 ± 0.5 oxygen ligands at a distance of 

RO = 1.84 ± 0.02 Å (with σO
2
 = 0.007 ± 0.005 Å

2
), 1.8 ± 0.6 

chlorine ligands at a distance of RClt = 2.18 ± 0.03 Å, and 1.8 ± 

0.6 chlorine ligands at a distance of RClb = 2.43 ± 0.03 Å (with 

σCl
2
 = 0.013 ± 0.003 Å

2
). The results of this fit are more 

realistic. In average, each titanium site has about 5 ligands, 

which is compatible with previously discussed results and also 

with some of the widely accepted models for titanium active 

sites in MgCl2-supported Ziegler-Natta catalysts. It is 

important to observe that the Debye-Waller factors for the 

chlorine ligands are quite large, accounting for a large 

heterogeneity of species. 

We might speculate on the presence of one available 

coordination vacancy around the titanium sites, which would 

be predictable on the basis of the models proposed for titanium 

sites in classical (MgCl2-supported) Ziegler-Natta catalysts. 

We might also hazard the hypothesis that the low-Z element 

detected by EXAFS is not an oxygen ligand, but rather a 

carbon ligand (EXAFS is unable to distinguish among oxygen 

and carbon ligands), as expected by assuming the Cosse-

Arlman mechanism for active sites formation.
77

 Nevertheless, 

it is common opinion that the catalytically active titanium sites 

are only a few of the total. Hence, it looks more safe to 

interpret the EXAFS results in terms of co-presence of two 

different phases: a minor fraction of isolated titanium sites still 

grafted to silica, and a TiClx phase where different titanium 

sites are bridged through chlorine ligands to a highly 

dispersed, silica-supported, MgCl2 phase. The active titanium 

sites bearing an alkyl ligand, if present, may be easily hidden 

by these two phases.  

Opposite to EXAFS, vtc-XES spectroscopy does not suffer 

of interference problems and it is a valuable technique for 

ligand identification.
78-80

 The vtc-XES spectrum of SiO2/TiMg 

pre-catalyst is compared in Figure 6 to that of the single phase 

SiO2/Ti sample, discussed in our previous work;
47

 the 

assignment of the Kβ” and Kβ2,5 fluorescence lines is also 

reported. It is useful to recall that Kβ” fluorescence lines are 

due to transitions involving mainly molecular orbitals with 

ligand s-atomic character, and thus they are useful for ligand 

identification; whereas Kβ2,5 fluorescence lines are due to 

transitions involving primarily molecular orbitals having a 

ligand p-atomic character, and hence they are sensitive to the 

valence orbitals.  

The vtc-XES spectrum of SiO2/TiMg (curve 2) is very 

similar to that of SiO2/Ti (curve 1’), confirming once more 

that the local structure and the electronic state of the titanium 

sites is similar in the two samples. Also in the SiO2/TiMg pre-

catalyst the titanium sites are grafted to silica through some 

oxygen ligands (identified by the intense Kβ” line centered at 

4947 eV), and retain in the coordination sphere a few chlorine 

ligands (identified by the Kβ” line at 4954 eV) and a few thf 

 

Figure 6. Normalized vtc-XES spectra of SiO2/Ti (curve 1’), 

SiO2/TiMg (curve 2) and SiO2/TiMg/TOAl (curve 3). The Kβ” 

and Kβ2,5 regions are indicated on the top, and the main features 

identifying oxygen and chlorine ligands are labeled. 



 

ligands (Kβ” lines at 4943 and 4950 eV). However, a better 

comparison allows to observe that the Kβ” lines assigned to 

transition involving mainly molecular orbitals lying on thf 

ligands are shifted at lower energy in the spectrum of the pre-

catalyst. Although the increased complexity of the system 

makes a systematic investigation (as presented in our previous 

work)
47

 not feasible, preliminary DFT calculations
81

 proved 

that the shift of the Kβ” lines assigned to thf ligands can be 

reproduced by considering open thf ligands. This means that 

the presence of the magnesium phase on the silica surface 

adjacent to the grafted titanium sites has an influence on the 

stability of the thf ligands. It is interesting to observe that 

experimental evidences, supported by DFT calculations, for 

opening of thf with consequent formation of titanium alkoxy 

surface species have been provided recently for a similar 

MgCl2/thf/TiCl4 system.
29

 

The vtc-XES spectrum of the SiO2/TiMg/TOAl catalyst is 

substantially different from that of the pre-catalyst, 

demonstrating that the activator drastically affects the local 

structure of the titanium sites, in agreement with EXAFS data. 

In particular, in the Kβ” region:  

i) the lines identifying the thf ligand are no more present, 

providing evidence that most of the thf (also the opened 

one) has been displaced by TOAl from the titanium sites, 

in good agreement with previous literature about activation 

of commercial silica-supported Ziegler-Natta catalysts 

containing thf or other electron donors;
1-2

 

ii) the band at 4947 eV characteristic of oxygen belonging to 

silica is much less intense, suggesting that most of the 

titanium sites are no more grafted to silica. This evidence 

agrees with the low coordination number of the Ti-O shell 

found in FIT 3 of the EXAFS data (see Table 1); 

iii) a new and well visible band appears around 4952 eV. A 

similar band was recently observed by some of us in the 

vtc-XES spectrum of a similar, not silica-supported 

TiMg/TOAl catalyst, although much less intense.
8
 The 

energy position of this band is compatible both with 

carbon ligands (that might be present according to the 

Cossee-Arlman mechanism for active sites formation
77

) 

and with bridged-chlorine ligands, whose presence is 

supported by the data discussed above.  

In the Kβ2,5 region, the line assigned to thf ligand 

disappears, whereas the band characteristic of chlorine ligands 

increases in intensity and becomes sharper, in close similarity 

to the spectrum of violet TiCl3 reference compound.
8
  

Summarizing, the whole set of EXAFS and vtc-XES data 

provide evidence that the local structure around the titanium 

sites is totally reconstructed after the interaction of the pre-

catalyst with TOAl. A consistent fraction of titanium sites has 

chlorine ligands in the first coordination sphere, testifying that 

they are mainly detached from the silica surface and interact 

with a highly dispersed MgCl2 phase, whose presence was 

clearly revealed by Far-IR spectroscopy. According to EXAFS 

data analysis, two types of chlorine ligands are present: 

terminal chlorine species at shorter distance (2.18 ± 0.03 Å), 

and bridged chlorine species at longer distance (2.43 ± 0.03 

Å). Vtc-XES data might be compatible with the presence of a 

few titanium sites bearing an alkyl ligand, but definitive proofs 

are still missing.  

3.2 In situ ethylene polymerization. Finally, we tested the 

SiO2/TiMg/TOAl catalyst in ethylene polymerization. The 

catalytic performances of this commercial catalyst are reported 

in the specialized literature for gas-phase ethylene 

polymerization conducted in a fluidized-bed reactor.
32-38

 

However, it is of paramount importance to verify that the 

activation conditions adopted during the spectroscopic 

investigation of the SiO2/TiMg/TOAl system lead to a catalyst 

active in ethylene polymerization. To this aim, we monitored 

ethylene polymerization at room temperature by in situ FT-IR 

spectroscopy, following the same approach extensively used to 

investigate the initial steps of ethylene polymerization on the 

Phillips catalyst.
5,44-46,82-85

 The presence of the aluminum alkyl 

activator and of the solvent prevented up to now the 

exploitation of the same method to follow in situ olefin 

polymerization on industrially relevant Ziegler-Natta catalysts. 

To the best of our knowledge, the only FT-IR spectra showing 

in situ ethylene polymerization on Ziegler-Natta catalysts were 

collected in Attenuated Total Reflection (ATR) mode on a 

planar model of Ziegler-Natta catalyst.
25

 

 

Figure 7. Part a) FT-IR spectra collected during polymerization of 

C2D4 (room temperature, PC2D4 = 100 mbar) on the 

SiO2/TiMg/TOAl catalyst. Curve 3: spectrum of the catalyst 

before interaction with C2D4; curve 4: after 10 minutes of C2D4 

polymerization. Gray spectra were collected at regular time 

interval during polymerization. Part b) shows an enlargement of 

the spectral region where the absorption bands characteristic of 

dPE appear. Part c) reports the intensity of the absorption band at 

2088 cm-1 as a function of time.   

We found that a thin pellet of the SiO2/TiMg/TOAl catalyst, 

obtained upon impregnation of a thin pellet of the SiO2/TiMg 

pre-catalysts with the TOAl/heptane solution (following 

exactly the same procedure used during the previous 

spectroscopic investigations, approximate Al/Ti ratio of 10), is 

measurable by FT-IR spectroscopy in transmission (Figure 2f), 

although most of the spectral regions were obscured by the 

intense and out-of-scale absorption bands due to TOAl, to the 

solvent and to the reaction by-products (e.g. Al(Oct)2Cl). In 

our prospect, the presence of liquid TOAl/heptane in the silica 

pores may simulate, if not industrially significant 

polymerization conditions, at least pre-polymerization 

conditions (where the monomer is fed onto the catalyst in 

presence of the activator and of the solvent at low pressure and 

low temperature), simultaneously allowing to perform in situ 

FT-IR experiments in transmission mode. In order to separate 



 

the vibrational manifestation of the polymer from those of the 

activator, we worked with deuterated ethylene (d-ethylene). 

As anticipated in the Experimental section, the experimental 

procedure is crucial. In particular, a partial removal of the 

solvent (upon degassing the reaction cell) was found to have a 

negative effect, probably enhancing the catalyst deactivation. 

On the contrary, in the presence of the solvent ethylene 

polymerization readily takes place, already at low ethylene 

pressure and at room temperature. 

A typical experiment is shown in Figure 7a in the whole 

frequency range, whereas Figure 7b shows an enlargement of 

the spectral region characteristic of d-polyethylene. Upon d-

ethylene admission in the reaction cell (room temperature, 

PC2D4 = 100 mbar), two intense absorption bands gradually 

grow at 2195 and 2089 cm
-1

, which are assigned to νasym(CD2) 

and νsym(CD2) vibrational modes of the d-polyethylene chains. 

Other two weaker bands are observed at 2158 and 2065 cm
-1

, 

which are assigned to the 2δ(CD2) mode (fundamental 
vibration around 1085 cm-1) and to the combination of 
δ(CD2)+2ρ(CD2) (fundamental ρ(CD2) mode around 520 
cm-1). Figure 7c shows a plot of the intensity of the IR band at 

2088 cm
-1

 (chosen here as a reference band to monitor the 

polymer growth) versus time. After a short induction period 

(about 1 minute), which is likely due to the diffusion of the 

monomer into the liquid TOAl/heptane phase, an almost linear 

dependence is observed within the investigated time interval, 

and no evidence of catalyst deactivation was observed. It is 

worth of notice that these data do not have the intention to 

give any quantitative information on the kinetics of the 

reaction, but rather to demonstrate that it is possible to look at 

a silica-supported Ziegler-Natta catalyst in action by means of 

spectroscopic techniques. This is not a trivial job for most of 

the heterogeneous catalysts, and it has been precluded so far 

for Ziegler-Natta catalysts.  

4. CONCLUSIONS  

The structural, vibrational and electronic properties of an 

industrially relevant, silica-supported, Ziegler-Natta catalyst 

were investigated by a large arsenal of characterization 

techniques during all the steps of catalyst preparation, 

including pre-catalyst activation and ethylene polymerization. 

It was demonstrated that the alkyl-aluminum activator 

significantly reconstruct the whole pre-catalyst, acting on all 

the catalyst constituents and not only on the TiClx phase. In 

particular, it was found that TOAl removes most of the thf 

originally present in the pre-catalyst and promotes the 

formation of a MgCl2 phase highly dispersed on the silica 

surface, not detected by XRD but identified by means of Far-

IR spectroscopy. Simultaneously, the titanium sites get 

reduced. Although we cannot be fully quantitative on the 

amount of titanium sites which are reduced by TOAl, the 

profound modifications observed with all the employed 

techniques do suggest that the reduction process involves most 

of the titanium sites in the pre-catalyst. Most of them detach 

from the silica surface to form TiClx species connected to the 

silica-supported MgCl2 phase through bridging chlorine 

ligands, and characterized by the presence of terminal chlorine 

ligands at shorter distances. Hence, the final catalytic phase 

would resemble that formed in absence of silica, although 

probably much more dispersed.  

Although at present we cannot distinguish between active 

and spectator sites, the herein reported data are among the few 

experimental evidences on the structure of the titanium sites at 

a molecular scale in industrially significant silica-supported 

Ziegler-Natta catalysts. Finally, and very important, the same 

catalyst was observed by means of FT-IR spectroscopy during 

ethylene polymerization in co-presence of the activator, the 

solvent and the monomer. These results definitely validate the 

step-by-step synthetic approach used in this work, and open 

interesting perspectives in the field of in situ investigation of 

Ziegler-Natta catalysts in action in industrially significant 

polymerization conditions. We believe that a systematic 

investigation of all the catalyst’s components by means of a 

multi-technique approach (as proposed in this work) might be 

the first fundamental step towards the understanding of their 

mutual interactions and functions, down to a level of detail 

rarely reached by other methods, making the design of these 

catalysts a realistic ambition for the future. 
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