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Abstract 

Being the main responsible for the huge production of polyolefins, heterogeneous Ziegler-Natta catalysts are 

among the most important catalysts in the chemical industry and they have been optimized over the years 

since their discovery in 1953 crossing many different generations. Lastly, catalysts of the 5th generation are 

characterized by the introduction in the pre-catalyst of 1,3-diether compounds as internal electron donors, 

which are stable in the presence of AlR3 activators and do not require the further addition of external donors 

during the following steps of the catalytic process to control the activity and selectivity. In this work, we 

synthetized and systematically investigated by a multi-technique approach three Ziegler-Natta catalysts 

characterized by the same 1,3-diether donor, but differing in the synthesis route. We found that the synthetic 

route influences the MgCl2 particle size, as well as the properties of the Ti species. In particular, the 

reprecipitation method brings the smallest MgCl2 particles and the most positive Ti4+ sites in the pre-catalyst, 

but also the largest amount of accessible Ti3+ sites after TEAl activation. These structural and spectroscopic 

data correlate pretty well with the kinetic of gas-phase propylene polymerization in very mild conditions.   
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1. Introduction 

Ziegler-Natta (ZN) catalysts are among the most important heterogeneous catalysts employed in chemical 

industry. They are at the base of the polyolefin production, affording at present almost 80 million tons of 

polymeric materials per year, with a worldwide economic turnover exceeding 100 billion dollars. Since the 

discovery of these catalysts in 1953, the expansion of polyolefin market has been closely associated with 

breakthroughs in the catalysts composition, marking many different generations across seventy years of 

industrial practice and optimization [1]. Nowadays, the general composition of ZN catalysts for polypropylene 

production includes TiCl4 species supported on high-surface-area MgCl2 together with some electron donor 

organic compounds (these three components constitute the so-called pre-catalyst), activated by AlR3 

(typically triethylaluminium, TEAl). The fundamental investigation of ZN catalysts is still a hot topic for both 

academic and industrial research, since even it would pave the way for a rational optimization of the catalytic 

process with huge economic profits [2]. The difficulties in defining at a molecular level the structure of the 

active sites arise from the heterogeneity of the Ti species, the mutual interactions among all the components 

and the highly flexible nature of the system during the catalytic process [3, 4].  

In particular, understanding the effect of different synthesis routes and clarifying the role of electron 

donors on the catalytic performances are two of the main open questions that still offer challenges for the 

future development of new and more performant catalysts. Indeed, in ZN catalysis the particle size and the 

distribution of active sites are determinant for the activity of the catalyst and, in turn, for the properties of 

the produced polymers. Therefore, along the years many synthetic routes have been explored to get different 

catalysts able to satisfy different commercial demands for specific applications. These synthetic routes can 

be divided in two main families, the mechanical and the chemical ones. Mechanical synthesis implies a milling 

step of MgCl2 support material in the presence of TiCl4 and electron donors, which literally act as capping 

agents during the formation of the catalyst nanoparticles [5-7]. Among all the chemical routes, one of the 

most common preparation methods involves the use of Mg(OEt)2 as precursor, which is then converted into 

MgCl2 by reaction with TiCl4 in organic suspension with the addition of electron donors [8-10]; another 

common method is the so called solution-reprecipitation, where the TiCl4 is added to a MgCl2 solution up to 

form a solid compound [11-14]. 

Each of those synthetic procedures can be further tuned by choosing the proper electron donor. 

Electrons donors are commonly divided in internal donors (IDs), added during the synthesis of the pre-

catalyst, and external donors (EDs), added together with the AlR3 activator to compensate for the partial loss 

of ID as a consequence of the reactivity with AlR3. They contribute to improve the activity, regioselectivity 

and stereoselectivity of the catalyst. In particular, this work aims at investigating the class of 1,3-diether IDs 

that marked the 5th generation of ZN catalysts [15]. ZN catalysts with 1,3-diethers as internal donors have 

unique characteristics, producing polypropylene with narrow molecular weight distribution (MWD), high 
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hydrogen response and good isotacticity [16-18]. Moreover, in comparison with other electron donors, 1,3-

diethers bind at the MgCl2 surface in an unremovable way, competing with TiCl4 at the same adsorption sites 

[19, 20]. As a consequence, catalysts with 1,3-diether IDs do not require the addition of any ED. According to 

the literature [19-21], the reason why 1,3-diether donors strongly bind to the MgCl2 surface has to be 

searched in their very effective coordination mode: indeed, they coordinate preferentially to the (110) MgCl2 

surface in a chelate fashion, with both oxygen atoms coordinated to the same Mg2+ cation. It is worth noticing 

that, at least in principle, also the bridging coordination is possible, where the two oxygen atoms bond to 

two vicinal Mg2+ cations, but this configuration was found to be too high in energy from a theoretical point 

of view [22]. As a consequence of their strong interaction with MgCl2, 1,3-diethers directly influence the 

stereospecificity of a ZN catalyst. Morini et al. demonstrated that it is possible to tune the stereoselectivity 

of the 5th generation ZN catalysts by choosing 1,3-diethers with different substituents in position 2: bulkier 

dialkyl substituents (with long and branched chains) provide the necessary steric hindrance to control the 

tacticity of the produced polymers, while catalysts containing donors with linear and less bulky substituents 

display worse performances [23].  

In the present work we systematically investigated three different ZN catalysts characterized by the 

same 1,3-diether donor, but obtained following three different synthetic routes. We characterized the pre-

catalysts and the TEAl-activated catalysts by multiple physicochemical techniques and correlated the 

obtained information with the catalytic performances upon propylene polymerization.  
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2. Experimental 

2.1. Samples preparation and treatments 

Three Ziegler-Natta pre-catalysts were synthetized using the same ID, the 2-isopropyl-2-isopentyl-1,3-

dimethoxypropane (Figure 1), hereafter referred to as DE, but following different protocols, as follows.  

 

Figure 1. Chemical structure of 2-isopropyl-2-isopentyl-1,3-dimethoxypropane. 

 

ZNC-bm-DE was obtained through a mechanical route. MgCl2 and DE were ball-milled together for 

24 hours in a stainless-steel pot sealed under N2 atmosphere [24]. Afterwards, the so-prepared MgCl2-DE 

sample was reacted with TiCl4 at 90 °C for 2 hours and finally washed with n-heptane and dried under 

vacuum. 

ZNC-mge-DE was prepared through the chemical conversion of Mg ethoxide precursor by TiCl4. More 

in details, Mg(OEt)2 was suspended in toluene under stirring. Then, TiCl4 was injected in the suspension at 

below 0 °C and the mixture was heated up to 60 °C, where DE was added. The temperature was brought to 

115 °C and kept for 2 hours. Thereafter, the suspended solid was washed with toluene at 90 °C to remove 

the reaction by-products, reacted with additional TiCl4, and aged at 115° C for other 2 hours. The resulting 

solid was finally washed again with toluene and n-heptane at 40 °C and dried under vacuum [25]. 

ZNC-rep-DE was synthetized through a dissolution-reprecipitation protocol. As first step, MgCl2 was 

dissolved in a mixture of 2-ethylhexanol (2-EHA) and decane at 120 °C for 2 hours, then the DE donor was 

added to the solution. Afterwards, the solution was added dropwise to TiCl4 at -15 °C, then slowly heating up 

the whole system to 90° C. After ageing at that temperature for 2 hours, a solid was obtained, washed with 

heptane at room temperature, treated with additional TiCl4 again at 90 °C for other 2 hours, filtered, washed 

again with n-heptane, and finally dried in vacuum [26]. 

The chemical composition of the three pre-catalysts is reported in Table 1. 

 

Table 1. Chemical composition of the pre-catalysts. 

Name Protocol 
Ti * 

[wt%] 
Donor ** 

[wt%] 
2-EHA ** 

[wt%] 
OEt ** 
[wt%] 

ZNC-bm-DE Ball milling 1.1 8.0 n.a. n.a. 

ZNC-mge-DE Mg(OEt)2 4.3 ± 0.5 16.7 ± 0.8 n.a. 1.35 

ZNC-rep-DE Solution reprecipitation 4.7 ± 0.1 19.1 ± 0.7 0.5 ± 0.1 n.a. 

* Determined by a colorimetric method [27]. 
** Determined with 1H-NMR.  
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The pre-catalysts were activated at room temperature by impregnating the powders with a diluted 

solution of triethylaluminium (TEAl) (10 v/v % in hexane), adjusting the amount to get a specific Al:Ti ratio 

(either 1:1 or 2:1). After impregnation, the activated catalysts were dried by degassing in a high vacuum. 

Finally, propylene polymerization on the three activated catalysts was carried out in very mild conditions at 

room temperature, by sending 200 mbar of gas over a known amount of catalyst powder (approximately 0.3 

g) inside a quartz reactor of known volume. Propylene pressure was recorded as a function of time: every 5 

seconds for the first 30 seconds of reaction, every 10 seconds up to 2 minutes, every 30 seconds up to 5 

minutes and every minute until the end of the reaction.  

 

2.2. Characterization methods 

To analyse the structure of the MgCl2 support, total scattering experiments were performed at the BL5S6 of 

Aichi Synchrotron Radiation Center (Aichi, Japan). The details of the measurements and analysis method 

were described in our previous work [28]. Each catalyst powder was packed in a 0.3 mm diameter 

Linndemann glass capillary tube and flame-sealed. The monochromated X-ray beam (18.0 KeV) was 

irradiated to the sample and the scattered X-rays were recorded in the 2ϴ = 3–132° range with four 2D 

detectors. The 2D scattering intensities were converted into 1D diffraction patterns and merged together 

with the software developed in the beamline. The intensity of an empty capillary was subtracted as the 

background. In making graphs, the diffraction angle was scaled based on the Cu Kα radiation (8.04 KeV) for 

direct comparison with literature. The 1D scattering data were converted into reduced atomic pair 

distribution functions (PDF) with PDFgetX2 [29] with correction for X-ray polarization, Compton scattering, 

and X-ray atomic scattering factors. In the Fourier transformation, the upper limit of scattering vector Q was 

set as 15.0 Å−1 to ensure sufficient statistical accuracy, and the lower limit was set as 1.0 Å−1 to eliminate the 

wavy feature of PDF derived from the nano structures. 

IR spectra were measured at a resolution of 2 cm-1 with a Bruker Vertex70 FT-IR spectrophotometer, 

equipped with a MCT detector. The samples were measured in the form of pellets, prepared inside a N2-filled 

glove-box and inserted within a quartz cell equipped with two KBr windows, preventing exposure to air. 

Pristine Ziegler-Natta pre-catalysts were measured diluted in KBr to prevent the saturation of the most 

intense absorption signals. For CO adsorption experiments, instead, the samples were prepared in the form 

of undiluted thin self-supporting pellets (surface density of ca. 30 mg/cm2). The quartz cell was evacuated 

from nitrogen through a vacuum line and an IR spectrum was collected. After that, CO was introduced in the 

cell (equilibrium pressure PCO = 100 mbar) and IR spectra were continuously collected at regular time interval 

for 60 minutes. After that, PCO was decreased stepwise, and the process was monitored by IR spectroscopy. 

Finally, the IR spectrum of pure DE was recorded in ATR mode with a diamond crystal. 
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UV−Vis spectra were collected in diffuse reflectance (DR) mode with a Varian Cary5000 

spectrophotometer equipped with a reflectance sphere. The powder samples were directly placed inside a 

bulb-shaped cell made of optical quartz (Suprasil); the filling procedure was accomplished inside the glove-

box to avoid contamination by air. The spectra have been collected in the reflectance mode and then 

converted in Kubelka−Munk function. 

 

3. Results and discussion 

3.1. Structural and spectroscopic investigation of the ZN pre-catalysts 

3.1.1. Structural characterization 

The XRD patterns of the pre-catalyst samples are reported in Figure 2. For reference, the pattern of α-MgCl2 

is shown together with the assignment of corresponding Bragg reflection planes. It has been reported that 

the extent of activation of MgCl2 support is related to three structural disorders [28]. Namely, the thickness 

of the MgCl2 lamellar crystal (Lc), its dimension in the lateral direction (La, Lb), and the stacking disorder among 

Cl-Mg-Cl layers (Pc). Pc is the probability that the Cl atoms are arranged as cubic closest packing (ABCA), with 

100% being α-MgCl2 and 25% being completely random stacking. Each disorder can be associated with a 

specific peak in α-MgCl2. That is, Lc primarily broadens the peak of (003) planes, La and Lb the peaks of (110) 

planes, and Pc the peaks of (012) and (104) planes [28]. 

For ZNC-bm-DE, where MgCl2 was mechanically activated in the presence of DE, the peaks 

representative of the (003), (012), (104), and (110) planes were all broader than for α-MgCl2, indicating that 

the structure of the MgCl2 support was disordered. The other two catalysts prepared by chemical routes 

showed this trend more strongly. That is, the representative diffraction peaks became even broader, while 

the lower intensity peaks ((101), (107), and (018)), which were visible in the pattern of ZNC-bm-DE, 

disappeared completely. Hence, the chemical routes yielded even more disordered MgCl2 supports than the 

mechanical activation. On the other hand, these two catalysts were almost qualitatively indistinguishable in 

terms of diffraction patterns. 
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Figure 2. PXRD patterns of ZNC-bm-DE (green), ZNC-mge-DE (blue), and ZNC-rep-DE (red). All the patterns were 
extracted from the total scattering data and vertically translated for clarity. The intensity was normalized with the total 
intensity within the shown 2ϴ range. The diffraction pattern of α-MgCl2 and the assignment of diffraction planes are 
also provided as reference.  

 

The PDF patterns of the three pre-catalyst samples are shown in Figure 3 with that of α-MgCl2. The 

PDFs show the probability of the presence of atomic pairs with respect to the interatomic distance r. G(r) = 0 

is the average, and a peak and a dip indicate a higher and lower density of atomic pairs, respectively. As 

shown in Figure 3a, α-MgCl2 has clear peaks and dips down to r = 10 nm, indicating that an ordered structure 

exists over at least 10 nm. On the other hand, in ZNC-bm-DE, peaks and dips begin to decay from 2-4 nm, 

indicating that the long-range ordered structure is compromised. However, the peaks and dips do not 

completely flatten even at r = 10 nm, suggesting the existence of an ordered structure with a size of about 

10 nm. On the other hand, in the two chemically prepared samples, decay occurs and proceeds dramatically 

from a shorter r. The signals become almost completely flat around r = 4 or 5 nm, which indicates that there 

is almost no long-range order above this distance. Comparing the PDFs of the three catalysts in the short-

range region (Figure 3b), the positions of the major peaks and dips are similar for both the catalysts as for 

the α-MgCl2, although there are differences in the r-dependent decay. This fact indicates that the crystal 

lattice of the Cl-Mg-Cl layer is virtually unaffected, even if the extent of activation is different. 
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Figure 3. Part a) PDF patterns of ZNC-bm-DE (green), ZNC-mge-DE (blue), ZNC-rep-DE (red), and α-MgCl2 for reference 
(gray). Part b) the magnified pattens up to r = 2 nm. All the patterns were vertically translated in for clarity.  

 

In order to discuss the structural differences of the three pre-catalysts more quantitatively, XRD and 

PDF fitting were performed using MgCl2 nanoparticle models. The details of nanoparticle model creation and 

fitting principle were reported previously [28]. Especially in PDF, the larger the r, the larger number of atomic 

pairs are involved in a peak, making the interpretation difficult, so fitting with molecular models is almost 

indispensable. The results of each XRD and PDF fitting are summarized in Figures S1-S4 and in Table S1, while 

the structural parameters are summarized in Table 2. In ZNC-bm-DE, MgCl2 is present with crystallites of 

about 6 nm in the c direction, and 13 nm in the a,b directions, with Pc of about 49%. The decay observed in 

the PDF signal starting from 2-4 nm is likely attributed to the reduced crystallite size as well as to the stacking 

disorder among the Cl-Mg-Cl layers. The nanoparticle models determined for the two catalysts prepared by 

chemical routes were plate-like crystallites composed of only two Cl-Mg-Cl layers (Lc = ca. 1 nm). The lateral 

dimensions were about half to one-third the dimension of that of ZNC-dm-DE. It is interesting to observe that 

the difference in the lateral dimension of the MgCl2 support qualitatively corresponds to the difference in 

the amount of Ti and DE. Indeed, smaller lateral dimension leads to a larger fraction of exposed Mg2+ cations 

available for stabilizing both adsorbates.  
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Table 2. MgCl2 structural parameters determined by fitting the PXRD and PDF data of the three pre-catalysts, with 
different MgCl2 nanoparticle models.  

 Catalyst Pc (%) Lc (nm) La × Lb (nm) 

 ZNC-bm-DE 49 6.2 12.7 × 12.7 
 ZNC-mge-DE 25 0.9 5.5 × 3.3 
 ZNC-rep-DE 28 0.9 3.6 × 3.6 

 

3.1.2. The 1,3-diether adsorption mode  

IR spectroscopy was applied to elucidate the configuration of DE at the MgCl2 surface in the three ZN pre-

catalysts. Figure 4 shows the IR spectrum of pure DE (part a) compared to those of the three pre-catalysts 

and of the MgCl2-DE sample (part b), the latter obtained by ball-milling together neat MgCl2 and DE in the 

same conditions as in the synthesis of ZNC-bm-DE, but before adding TiCl4. The IR spectrum of the pure 

compound (Figure 4a) is quite complex and is assigned with reference to those of similar ethers reported in 

the literature [30]. The group of bands in the 3000 – 2800 cm-1 is assigned to the stretching vibrational modes 

of CHx species as follows: i) four bands are ascribed to the vibrational modes of the alkyl moieties, namely 

those at 2954 and 2870 cm-1 are due to νasym(CH3) and to νsym(CH3), while those at 2923 and 2834 cm-1 are 

due to the νasym(CH2) and νsym(CH2); ii) two bands at 2982 and 2889 cm-1 (the latter appearing as a shoulder 

of the more intense band at 2834 cm-1) are assigned to the νasym(CH3) and νsym(CH3) modes of the methoxy 

groups; iii) finally, the sharp band at 2807 cm-1, very low in position with respect to the common positions of 

ν(CHx) in alkyl compounds, is assigned to v(CH2) of CH2 moieties in agostic interaction with the oxygen of the 

ether group [31], either within the same molecule or from other molecules in the surrounding. The group of 

bands in the 1500 – 1300 cm-1 is assigned to the bending modes of the CHx groups (1456 cm-1, δ(CH2), 1383 

and 1366 cm–1, δ(CH3) of the isopropyl terminations). Finally, the intense band at 1100 cm-1 is diagnostic for 

the ν(C-O-C) vibration of the ether groups.  
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Figure 4. Part a) ATR-IR spectrum of neat DE. Part b) IR spectra of MgCl2-DE (dark green), ZNC-bm-DE (green), ZNC-mge-
DE (blue) and ZNC-rep-DE (red), all collected in transmission mode after diluting the samples in KBr. The spectra are 
vertically translated for clarity.  

 

Similar IR bands can be recognized also in the spectrum of MgCl2-DE (Figure 4b). There are two main 

evidences for DE interaction with MgCl2 surface: i) the disappearance of the ν(CH2) band at 2807 cm-1 that 

was ascribed to CH2 groups in agostic interaction with the oxygen of the ether group; and ii) the downward 

shift and splitting of the ν(C-O-C) band into two components at 1060 and 1025 cm-1. The first evidence 

suggests that, when DE is adsorbed on MgCl2 surface, it loses the conformational freedom typical of the liquid 

phase. The shift of the ν(C-O-C) band at lower wavenumbers, instead, indicates that the ether group interacts 

with a Mg2+ cation at the MgCl2 surface. The splitting of the ν(C-O-C) band is less straightforward, but it was 

already observed in the past for the polymeric [MgCl2(diether)]n organometallic complex [32]. In that case all 

the diether molecules assumed the most stable chelated configuration [20, 33, 34] and the splitting of the 

band was explained in terms of non-equivalence of the chemical environment at each adsorption site [32].  

The IR features of DE adsorbed on MgCl2 can be clearly identified also in the spectra of the three pre-

catalysts, with no additional bands that can suggest a direct interaction between DE and TiCl4. As a matter of 

fact, ν(C-O-C) for a TiCl4-diether complex was reported in literature by Cui et al. at 1020 and 997 cm-1 [35]. 

This result is in agreement with the co-adsorption model reported in the literature, which describes the 

adsorption process of donors as a competitive phenomenon with TiCl4, where both species adsorb at the 

same unsaturated sites on different faces of MgCl2 [21, 36-41], in close proximity but not in direct interaction. 

Unfortunately, DE signals are the same in the three pre-catalysts and do not allow to discriminate among the 
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different structural and morphological properties of MgCl2 particles. Only in the spectrum of ZNC-mge-DE 

there is an additional band at 1092 cm-1, which can be indicative of a family of slightly perturbed DE molecules 

(maybe trapped inside the pores) or which can be more reasonably due to the ν(C-O) of residual ethoxy 

species from the synthesis [27]. 

 

3.1.3. Electronic properties   

The fact that the different synthetic procedures lead to different catalytic materials is indubitable just by 

looking at the powders appearance, ranging from bright yellow color in the case of ZNC-bm-DE to beige in 

the case of ZNC-rep-DE. The different colour indicates different electronic properties of the three pre-

catalysts, which have been studied by DR UV-Vis spectroscopy. The spectra of the three pre-catalysts are 

shown in Figure 5. 

  

Figure 5. DR UV-Vis spectra of ZNC-bm-DE (green), ZNC-mge-DE (blue) and ZNC-rep-DE (red). The position of bands of 
type A and B was determined as the maximum of the second derivative curves, not shown for simplicity.  

 

All spectra are characterized by a very intense absorption above 30000 cm-1, with clear differences 

in position and shape, which are due to electronic transitions from the filled π orbitals of the Cl ligands to the 

vacant d orbitals of the Ti sites that, in the pre-catalysts, are supposed to be Ti4+ and hence to possess a d0 

electronic configuration. As recently discussed by some of us [42], octahedral coordination is assumed for 

the majority of Ti atoms, so that the Ti d orbitals are split into dt2g and deg levels (separated in energy by the 

crystal-field splitting ΔCF = 10Δq). This causes a splitting of the charge-transfer absorption into two main bands 

[43], named A (corresponding to Cl(π) → Ti(dt2g)) and B (corresponding to Cl(π) → Ti(deg)) in Figure 5. 

Moreover, because of the non-equivalence in energy of the orbitals of the different Cl ligands around the Ti 

centres, each transition is further split into several components, whose exact position was determined as the 

maximum of the second derivative curves. Figure 5 displays marked differences in the spectra of the three 
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pre-catalysts, despite the fact that the average Ti oxidation state and coordination geometry are expected to 

be the same.  

In particular, the position of the band A is the most affected by the synthetic route (ZNC-rep-DE 

presents the band at the lowest energy, followed by ZNC-mge-DE, and finally by ZNC-bm-DE), whereas the 

position of the band B is more similar in all the cases. Following the same analysis of the electronic signals 

already reported in the literature [42], the crystal field-splitting ΔCF value was obtained from the difference 

in energy between transitions B and A. ZNC-bm-DE shows the smallest ΔCF equal to 11200 cm-1 (i.e., 1.39 eV), 

while ZNC-mge-DE and ZNC-rep-DE have much larger ΔCF, almost similar to each other, respectively of 11950 

and 12000 cm-1 (i.e., 1.48 and 1.49 eV). As a matter of comparison, ΔCF = 1.43 eV was previously reported for 

a chemically activated ZN pre-catalyst similar to ZNC-mge-DE but containing dibutyl phthalate as internal 

donor, while much smaller ΔCF values were found for a model MgCl2/TiCl4 sample obtained upon adsorption 

of TiCl4 on bare high-surface-area MgCl2 (ΔCF = 0.99 eV) [42]. ΔCF depends both on the nature of the ligands 

and on the effective oxidation state of Ti. Assuming a very similar nature of the Cl ligands in all the three pre-

catalysts, the difference in the estimated ΔCF indicates that the effective positive charge on the Ti sites is 

slightly different between the ZNC-bm-DE pre-catalyst and the industrial-like ones, ZNC-rep-DE and ZNC-

mge-DE. The higher is ΔCF value, the higher is the effective positive charge on the Ti centres. Correspondingly, 

a more positive Ti centre implies an easier charge transfer from the Cl ligands, as clearly indicated by the 

lower energy position of the A bands in ZNC-rep-DE and ZNC-mge-DE with respect to ZNC-bm-DE.  

It is worth mentioning that the effective charge state of the Ti4+ sites in ZNC pre-catalysts is relevant 

for catalysis, because it has been demonstrated to inversely correlate with the activation energy for olefin 

insertion into the Ti-alkyl bond formed after activation: higher the Ti effective charge, easier the insertion of 

the olefin monomer [44]. Combining this result with the structural information obtained in Section 3.1.1 (in 

particular with the data reported in Table 2), we can reasonably conclude that smaller MgCl2 crystallites 

reduce the transfer of electron density from MgCl2 surface to TiCl4 species, thus Ti4+ sites are more positively 

charged and, in turn, their intrinsic activity increases. 

Curiously, beside the intense charge-transfer bands discussed above, all the spectra of the pre-

catalysts shown in Figure 3 display a weak and broad absorption below 24000 cm-1, more structured for ZNC-

bm-DE than for the other two chemically prepared pre-catalysts. The origin of these signals is still uncertain, 

but the energy position suggests its assignment as d-d transitions of a minority of Ti3+ sites, present in the 

pre-catalysts already before the activation possibly because of side reaction of TiCl4 during the synthesis. 

Anyhow, they do not seem to be involved in the following steps of the catalytic process (vide infra). 

 

3.2. Spectroscopic investigation of TEAl-activated ZN catalysts 

3.2.1. Electronic properties   
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All the three pre-catalysts were activated by TEAl, added in stoichiometric amount in hexane solution. Upon 

activation, the samples displayed a remarkable change of colour toward dark brown, thus suggesting a 

change in the Ti electronic properties. Figure 6 shows the DR UV-Vis spectra of the three catalysts before and 

after TEAl-activation in different amounts. In all the cases, the intense bands assigned to Cl(π) → Ti(d) 

charge-transfer transitions that dominate the spectra of the pre-catalysts (black curves) shift to higher 

wavenumbers after activation by TEAl (green, blue and red, respectively). This shift is indicative of the 

reduction of the 6-fold coordinated Ti4+ sites to Ti3+ [45]. Even though a quantitative evaluation is not possible, 

the almost complete disappearance of the original bands observed in the spectra of the pre-catalysts 

indicates that almost all Ti4+ sites have been reduced to Ti3+ by TEAl at an Al:Ti ratio of 2:1; when an 

intermediate ratio of 1:1 is adopted (grey curves), a weak shoulder at lower wavenumbers witnesses a minor 

fraction of residual unreduced Ti4+ sites.   
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Figure 6. DR UV-Vis spectra of the three ZN catalysts activated by TEAl: black spectra are the spectra of the pre-catalysts 
already shown in Figure 5, green, blue and red spectra are those of the activated catalysts (Al:Ti=2:1), the grey spectra 
represent an intermediate step in the activation (Al:Ti=1:1) when present. 

 

At the same time, new absorptions appear at lower wavenumbers. In the case of ZNC-bm-DE a very 

weak band is centred at ca. 22000 cm-1 (overlapped to the structured spectral features already present in the 

pre-catalyst, evidently not affected by TEAl), which can be assigned to Ti(dt2g) → Ti(deg) d-d transition of an 

octahedral Ti3+ site with at least an alkyl group as a ligand (together with the pre-existing Cl– ones) [46]. On 

the other hand, in the spectra of activated ZNC-rep-DE and ZNC-mge-DE an intense and broad band covers 

the entire spectral range from 24000 to 10000 cm-1. Similar absorptions have already been reported in the 

literature for TiCl3 salts and assigned to inter-site d-d transitions between neighbouring Ti3+ ions (3d1+3d1→
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3d0+3d2) connected to each other by a Cl– bridge, where the electron movement through the bridge confers 

the partial charge transfer character to the electronic transition [47, 48]. Recently, the same features have 

been observed also in other TEAl-activated ZN catalysts and explained as due to the aggregation of TiCl3-like 

clusters promoted by the severe reducing conditions caused by a high local concentration of TEAl molecules 

inside the accessible pores of the support material [42, 49]. This hypothesis is supported by the fact that the 

intensity of those signals in Figure 6b and c are strongly affected by the amount of TEAl used in the activation: 

for both ZNC-rep-DE and ZNC-mge-DE, when half of the TEAl is used for the activation (Al:Ti=1:1, grey 

spectra), the intensity of the band attributed to TiCl3-like clusters is approximately the half. The phenomenon 

is more pronounced for ZNC-rep-DE than for ZNC-mge-DE, suggesting a higher Ti mobility and/or higher 

disorder and nanostructuration of the particles in the former. 

It is important to remark that also in ZNC-mge-DE and ZNC-rep-DE catalysts most of the titanium is 

reasonably in the form of isolated Ti3+ sites, but their UV-Vis features are completely overshadowed by the 

more intense signals of the TiCl3-like clusters, irrespectively to their amount.  

 

3.2.2. Accessibility of the reduced Ti sites   

In order to assess the amount of accessible Ti3+ sites in the three activated catalysts, CO adsorption at room 

temperature was monitored by IR spectroscopy as a function of time [50]. The evolution of the IR spectra 

along 60 minutes of experiment in the presence of CO (PCO=200 mbar) are reported in Figure 7. In all the 

cases, the ν(C≡O) region is dominated by the roto-vibrational profile of CO gas (centred at 2143 cm-1). 

However, weak bands are observed overlapped to this profile since the beginning of the experiment. Those 

above 2143 cm-1 are associated to CO weakly interacting with a few under-coordinated Mg2+ cations at the 

surface of MgCl2 surface, ranging from 2194 to 2162 cm-1 depending on the acidic strength of Mg2+ adsorption 

sites [51, 52]. Those below 2143 cm-1, instead, are ascribed to CO in interaction with Ti3+ sites [50, 53]. While 

on ZNC-bm-DE (Figure 7a) there are no bands in this region, in the cases of ZNC-mge-DE (Figure 7b) a band is 

observed at 2049 cm-1, and for ZNC-rep-DE (Figure 7c) at 2056 cm-1, both slowly growing in intensity over 

time. It is worth noticing that the position of the band is the balance between the polarizing effect of Ti3+ as 

a Lewis acid and the π-backdonation of the available 3d1 electron of the reduced titanium. Hence, the higher 

frequency of the band in ZNC-rep-DE reveals a higher positive charge on the Ti sites (in agreement with the 

analysis of the DR UV-Vis spectra of the pre-catalysts, Figure 5) which, in turn, should lead to a higher 

efficiency in olefin complexation and insertion through the agostic-assisted Cossee–Arlman mechanism [54].  

At the same time, in both cases new bands appear and progressively grow up in the 1700-1550 cm-1 

range, which is the typical spectral region of ν(C=O) for Ti-acyl species [50]. Ti-acyl species derive from CO 

insertion into the Ti3+-ethyl bond [55, 56], with the position of ν(C=O) band that depends on the extent of the 

hapticity (η2-coordination) of the acyl group with the Ti sites: a higher coordination weakens more the C=O 
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bond, shifting the ν(C=O) band at lower wavenumbers. In the case of ZNC-mge-DE, only one ν(C=O) band is 

observed at 1640 cm-1, while in the case of ZNC-rep-DE there are two contributions at 1640 and 1595 cm-1, 

indicative of at least two families of Ti species with a slightly different local structures, resulting in a different 

geometry for CO insertion. We speculate that this might be at the origin of the bimodal distribution in terms 

of lower and higher isotacticity typically observed in chemically prepared Ziegler-Natta catalysts, differently 

from the monomodal (lower isotactic) distribution obtained by mechanically prepared ones [57]. 

 

 

Figure 7. IR spectra of CO adsorbed at room temperature on activated ZNC-bm-DE (a), ZNC-mge-DE (b) and ZNC-rep-DE 
(c). In all the sequences, black spectra were collected just after CO dosage, while green, red and blue spectra after 60 
minutes of interaction with CO; grey spectra were collected in between to show the evolution. Part d) Comparison of 
the three spectra collected after 60 minutes of interaction with CO, after normalizing the intensities to the optical 
thickness of the samples and subtracting the roto-vibrational features of CO gas. 

 

In order to better compare the results obtained on the three catalysts and to extract quantitative 

information, the final spectra of each sequence (collected after 60 minutes of CO adsorption) have been 

normalized to the optical thickness of the sample pellets and shown in Figure 7d after subtracting the roto-
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vibrational profile of CO gas. After data treatment, also in the case of ZNC-bm-DE a very weak signal of CO in 

interaction with Ti3+ can be identified at 2047 cm-1. For ZNC-rep-DE the integrated area of the band assigned 

to CO adsorbed on Ti3+ is approximately 3.5 times greater than for ZNC-mge-DE, and roughly 20 times greater 

than for ZNC-bm-DE: these numbers give a roughly estimation of the relative amount of accessible Ti3+ sites 

in the three activated catalysts.  

Altogether, DR UV-Vis and IR spectroscopic results prove that the pre-catalyst preparation route 

determines both the molecular structure of the active sites and their distribution, in agreement with previous 

studies based on the analysis of the produced polymers [57]. 

 

3.3. The catalysts in action: kinetics of propylene polymerization 

The reaction rate of propylene polymerization in the presence of the three activated catalysts was assessed 

by monitoring the gas consumption over time in static conditions: a quartz reactor tube containing the 

powder of the TEAl-activated catalyst was fed with 200 mbar of propylene at room temperature, 

continuously recording the dropping pressure during the reaction process. Figure S5 shows, for the sake of 

example, propylene pressure as a function of time during the polymerization in the presence of TEAl-

activated ZNC-rep-DE. The gas pressure decreases with a parabolic trend, rapidly dropping down at the 

beginning of the reaction, then slowly reaching a plateau when most of the propylene was consumed. The 

reaction order was evaluated, looking for a linear correlation over time of either the natural logarithm of the 

pressure (in the assumption of a first-order reaction) or of the reciprocal of pressure (in the assumption of a 

second-order reaction). Accordingly, the second-order resulted to be the model that better describes the 

evolution of the process (as clearly displayed in Figure S6). This is compatible with the so-called “monomer-

triggered insertion mechanism”, where the migration of the alkyl group onto the coordinated molecule of 

monomer is favoured by the presence of another molecule simultaneously taking its place [58]. 
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Figure 8. Kinetics of propylene polymerization on the three catalysts activated by TEAl with an Al:Ti ratio of 2:1. The 
experimental data (dots) are plotted in terms of reciprocal of monomer pressure (after subtraction of the initial pressure 
reciprocal) as a function of time and fitted according to second order kinetic law (lines). The goodness of the fit is also 
reported.  

 

By applying the second-order model to all the catalysts it is possible to compare their activity. Figure 

8 displays the kinetics of propylene polymerization for the catalysts activated by TEAl with an Al:Ti ratio of 

2:1. After normalizing the kinetics per the amount of Ti, the rate constants for ZNC-rep-DE, ZNC-mge-DE and 

ZNC-bm-DE are 0.07, 0.02 and 0.007 s–1 mbar–1 molTi
–1, respectively. It is interesting to note that this trend 

recalls the trend in the ability to coordinate CO (Figure 7d). Both the accessibility and the intrinsic nature of 

the active sites contribute to the different polymerization kinetics. Since there is no supply of fresh TEAl 

during polymerization in the gas phase experiment shown in Figure 8, the result cannot be used to discuss 

the intrinsic nature of the active sites, but it is indicative for the amount of accessible Ti species formed by 

TEAl before the contact with the monomer. In this sense, it is possible to correlate the different catalytic 

performances with the adopted catalyst preparation methods. 

Curiously, when the three Ziegler-Natta catalysts were activated by a lower amount of TEAl 

(Al:Ti=1:1), the kinetics of propylene polymerization was drastically slower (as shown in Figure S7), with no 

significant differences between ZNC-rep-DE and ZNC-mge-DE (both of them presenting a rate constant of 

0.02 s–1 mbar–1 molTi
–1) and almost no activity by ZNC-bm-DE. Evidently, the process requires at least an Al:Ti 

ratio of 2:1 to guarantee the proper activation of the catalysts (as observed also by DR UV-Vis spectroscopy 

in Figure 6) and to scavenge adventitious contaminations within the reactor during the polymerization. 
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4. Conclusions 

In this work, three different ZN catalysts belonging to the 5th generation were deeply investigated in terms 

of particles morphology, surface species, electronic properties of the Ti sites, and catalytic activity. The multi-

technique approach adopted herein allowed the full characterization of three the catalysts at each step of 

their life, from the synthesis (pre-catalysts) to the activation by TEAl (activated catalysts) and their 

employment in propylene polymerization (catalysts in action).  

Irrespective of the synthetic route, the 1,3-diether internal donor (DE) exclusively interacts with the 

MgCl2 surface, and no evidence for a direct interaction with the Ti sites was found. This substantiates the co-

adsorption model reported in the literature, which describes the adsorption process of the internal electron 

donors as a competitive phenomenon with TiCl4, both species adsorbing at the same unsaturated sites on 

MgCl2 surface. On the other hand, the synthetic routes determine different structure and size for MgCl2 

particles, the reprecipitation chemical method bringing to the smallest MgCl2 nanoparticles. This in turn 

influences the electronic properties of the Ti sites and their local structure. In particular, according to DR UV-

Vis spectroscopy, the chemically synthetized pre-catalysts present a higher effective positive charge on the 

Ti sites with respect to ZNC-bm-DE. 

Upon TEAl-activation, alkylated Ti3+ species are formed, which are detectable either by UV-Vis 

spectroscopy or by IR spectroscopy of adsorbed CO, or both. In the case of the chemically prepared catalysts 

also inactive TiCl3-like clusters are formed, likely because of TEAl over-concentration in correspondence of 

intra-particles pores. Indeed, they are formed in larger amount at higher TEAl amount and on the ZNC-rep-

DE catalyst, which is that characterized by the smallest MgCl2 particles. The accessibility of the Ti3+ sites was 

assessed by IR spectroscopy of CO adsorbed at room temperature: ZNC-rep-DE has approximately 3.5 times 

more accessible Ti3+ sites than ZNC-mge-DE, and almost 20 times more than ZNC-bm-DE. Furthermore, 

especially in the case of ZNC-rep-DE, CO adsorption revealed the presence of two main families of activated 

Ti sites with slightly different geometries for CO insertion, which can tentatively be interpreted as responsible 

for two different fractions of lower and higher isotactic polypropylene typically produced by chemically 

prepared ZN catalysts. 

The three activated catalysts display substantially different kinetics of propylene polymerization in 

very mild conditions. The kinetic data correlate well with the amount of accessible Ti3+ sites as determined 

by IR spectroscopy of adsorbed CO, but also with the effective positive charge on the Ti4+ sites in the pre-

catalysts as determined by UV-Vis spectroscopy. This demonstrates the potential of spectroscopic methods 

in providing information useful to understand and/or predict the catalytic performance of ZN catalysts.  

This information will serve as guidelines for the preparation and use of 5th generation Ziegler-Natta catalysts 

depending on the targeted properties and, in turn, final application. 
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