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Abstract High performance MgCl2 supported titanium

catalyst having diisobutyl phthalate (DIBP) as internal

donor has been synthesized. The organic components

present in the catalyst have been studied through FTIR, 1D

and 2D NMR spectroscopy. The results indicate presence

of diethyl phthalate also in addition to DIBP. WAXD

analysis has been done to study the features of MgCl2
crystallites. Impact of donor components on the catalyst

preparation leading to reaction pathways and performance

for propylene polymerization has been evaluated.

Keywords Ziegler–Natta catalyst � Internal donors �
Magnesium dichloride � NMR spectroscopy

1 Introduction

High performance MgCl2 supported Ziegler–Natta cata-

lysts have played dominant role in industrial polyolefin

production [1–5] by providing high productivity and ste-

reoregularity [6–11]. Internal donors play the pivotal role

in controlling productivity and stereo-specificity of these

catalysts [12–18]. The evolution of consecutive generations

of MgCl2 supported titanium catalysts has been achieved

through selection of internal donors. Spitz et al. [19]

recently reported that internal donors might not have any

direct role in the active site formation. Thus the role of

internal donors for stabilizing MgCl2 crystallites and

blocking non-stereospecific/low productive sites become

very critical. Hence understanding of organic components

present in the catalysts becomes crucial for comprehensive

knowledge of the catalyst chemistry.

MgCl2 revolutionized the field of Ziegler–Natta cata-

lysts by providing support to titanium chloride species, the

active catalyst, thereby increasing catalytic productivity

and endowing with a tool for controlling morphology of

catalyst and polypropylene as the end product. Active

MgCl2 has small crystallite size and lateral cuts having four

and five coordinated Mg cations in comparison to six

coordinated Mg cations in the bulk, these lateral cuts acts

as the support to TiCl4 and donors [20–24]. The active

MgCl2 can be obtained from mechanical route, by ball

milling MgCl2 in presence of TiCl4 and Lewis base, from

chemical route by elimination of Lewis base from

MgCl2.(Lewis base)x adducts and during catalyst prepara-

tion from magnesium ethoxide [25, 26]. The conversion of

magnesium precursor to catalyst results in active MgCl2
and in situ generation of other phthalate esters and

phthaloyl chloride species. The presence of –COCl species,

a reaction side product, has been observed from FTIR

spectral studies. DIBP, a Lewis base, binds to Lewis acid

sites (Mg2? ions on lateral cuts) on the MgCl2 matrix.

Complex formation between DIBP and Mg2? ions can be

studied through FTIR spectroscopy providing information

regarding their bonding modes [26–29].

NMR spectroscopy has been applied in Zielger–Natta

catalyst science for understanding interaction of various

components. Busico et al. [5] reported the high resolution

magic-angle-spinning 1H NMR studies of active site sur-

faces of MgCl2 supported Ziegler–Natta catalysts. Kissin

et al. [29] reported the application of 13C NMR spectros-

copy for analyzing the interactions of triethyl aluminum

(TEAl) with DIBP and silyl ethers. Ikeuchi et al. [30]
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reported NMR spectroscopic studies on the mixture of

TEAl and aminosilanes.

In this study, NMR spectroscopy has been applied to

understand the structure and quantification of organic

species present in the catalyst. DEPT spectroscopy allows

differentiating methyl, methylene and methine nuclei res-

onances. 1D homonuclear (1H–1H) and heteronuclear

(1H–13C) correlation spectroscopy allowed building of

skeleton framework of organic molecules. 2D NMR spec-

troscopy in conjugation with 1D NMR spectroscopy

allowed the comprehensive assignments of NMR spectra

and structure elucidation of organic components. Quanti-

fication of the organic components has been done by 1H

spectroscopy supported by HPLC. To the best of our

knowledge, application of NMR spectroscopy for under-

standing organic components in high performance MgCl2
supported titanium catalysts has not been reported. The

reaction pathway for the synthesis of organic components

during catalyst preparation has been explored. Catalyst has

been subjected to WAXD analysis for characterizing the

MgCl2 matrix structure.

2 Experimental

2.1 Synthesis and Materials

All experimental manipulations were carried out in nitro-

gen atmosphere using dry-box and Schlenk line techniques.

For the Catalyst-1 synthesis, magnesium ethoxide was

treated with titanium tetrachloride and chlorobenzene

mixture in the presence of diisobutyl phthalate as internal

donor at elevated temperature. Further treatment of tita-

nium tetrachloride and chlorobenzene mixture was given

followed by isolation of solid catalyst by hexane washing

[31]. For the Catalyst-2 and Catalyst-3 synthesis phthaloyl

chloride was added in 0.5:1 and 1:1 mol ratio with respect

to DIBP, respectively.

2.2 FTIR Spectroscopy

Nujol mull of catalysts were prepared and loaded on KBr

discs in glove box and transferred in airtight container to

FTIR instrument. FTIR analysis was performed on Perkin–

Elmer spectrum GX instrument with 2 cm-1 resolution and

32 scans under nitrogen flow.

2.3 NMR Spectroscopy

1D and 2D NMR spectra were recorded on Bruker DPX-

400 spectrometer in methanol-d4. Weighed amount of

catalyst samples and 1,1,2,2-tetrachloroethane (TCE) as

internal standard (for quantitative measurements) were

dissolved in methanol-d4 and transferred to NMR tube in

nitrogen bag. 1H and 13C measurements were made at

frequencies of 400 and 100 MHz, respectively, and cali-

brated with respect to the solvent signal. For quantitative

estimations 1H NMR spectra were recorded with 10 s delay

time, 32 K data points were accumulated for 16 successive

scans. A total of 4,000 scans were accumulated for
13C{1H} NMR spectra with a relaxation delay of 2 s.

Distortionless enhancement by polarization transfer

(DEPT) experiments were carried out using the standard

pulse sequence with 2 s delay time. Heteronuclear multiple

quantum coherence (HMQC) experiments were recorded

using the standard pulse sequence from the Bruker software

library. 64 scans were averaged for each of 512 increments

along t1 and 2,048 data points in t2. The HMQC experiment

was optimized for 1JCH = 145 Hz. TOCSY (Total Corre-

lation spectroscopy) experiments were performed using

standard pulse sequence. 64 scans were accumulated for

512 experiments with 2 s delay time.

2.4 HPLC Measurements

HPLC measurements were carried on a Perkin Elmer

Series 200 HPLC instrument system using Brownlee C-18,

5 lm, 250 mm 9 4.6 mm HPLC analytical column. The

mobile phase was consisting of 65/35 distilled water/

methanol (HPLC grade, Labort, India)/distilled water. The

column was eluted at a flow rate of 1.0 mL min-1 at 35 �C

with UV detector working wavelength of 230 nm.

2.5 WAXD Measurements

Wide angle X-ray diffraction: X-ray diffraction measure-

ments were carried on Bruker AXS, D8 Advance X-ray

diffractometer. The catalyst samples were placed on the

zero background, X-ray transparent airtight sample holder

in the glove box in nitrogen environment to perform

measurements in inert atmosphere. The step size in WAXD

measurements was 0.02 degrees and the time per step 12 s.

2.6 Propylene Polymerization

Cocatalyst (triethyl aluminium) and catalyst were added to

maintain the Al:Ti in 250:1 molar ratio to jacketed reactor

containing hexane as solvent. Cyclohexylmethyl dimeth-

oxysilane was added as external donor with 1:30 molar

ratio with respect to cocatalyst. Propylene pressure of

5 kg cm-2 was maintained and hydrogen was added as

chain terminating agent. Polymerization was carried out for

1 h at 70 �C, afterwards polypropylene was isolated and

vacuum dried. Productivity of the catalysts was calculated

from the polypropylene yield (kg) to the catalyst amount
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(g). Polypropylene samples were extracted with boiling

xylene in Soxlet apparatus. Isotacticity index (II) was

measured as wt% of xylene insoluble for each PP sample

(Table 1).

3 Results and Discussion

3.1 Reaction Pathway

Catalyst synthesis from magnesium ethoxide by the reac-

tion with TiCl4 in the presence of DIBP (internal donor)

follows complex reaction pathway [31]. There are several

chemical (Scheme 1) and physical changes going on

simultaneously. Magnesium ethoxide (1) is getting con-

verted to MgCl2 (3) by reacting with TiCl4 (2), involving

chemical transformation and simultaneous getting reorga-

nized in the form of MgCl2 crystallites involving reorien-

tation of magnesium coordinates with formation of

TiCl3(OCH2CH3) (4).

TiCl4, a Lewis acid, acts as a catalyst for substitution

reactions leading to the formation of other pthalate esters in

the presence of ethoxide species and phthaloyl chloride,

which being Lewis bases also act, as internal donors. The

proposed pathway for the formation of these species can be

been explained on the basis of Scheme 1 (for simplifica-

tion, free donor molecules have been shown). TiCl4 reacts

with DIBP (5) to form product 7, which in the presence of

excess amount of TiCl4 gives phthaloyl chloride (8).

Product 7 on reacting with 4 results in isobutyl ethyl

phthalate (9) formation and phthaloyl chloride on reacting

with 4 results in the formation of diethylphthalate (10).

Internal donors (ID), Scheme 1, (5), (7), (8), (9) and (10)

(Lewis bases) and TiCl4 get coordinated to MgCl2 matrix,

forming the active catalyst. Coordination of phthaloyl

chloride and DIBP with MgCl2 has been studied through

FTIR spectroscopy. The complex mixture of phthalate

esters has been identified and quantified using 1D and 2D

NMR spectroscopy assisted by HPLC. The structural fea-

tures of MgCl2 crystallites have been studied through

WAXD analysis.

3.2 Complexes on MgCl2 Matrix

DIBP, a Lewis base, coordinates with Lewis acid sites on

MgCl2 matrix through carbonyl oxygen having high elec-

tron density. Complex formation is best studied through

FTIR spectroscopy as[C=O stretching frequency is highly

sensitive to coordination of oxygen atom with Mg ions

[26–29]. For Catalyst-1, the shift in[C=O stretching band

from DIBP to catalyst, where DIBP is coordinated with Mg

ions of MgCl2 matrix, is evident from Fig. 1a with the shift

in band from 1,728 cm-1 to a broad peak at 1,687 cm-1.

The broad peak is representation of several superimposing

IR bands, corresponding to different complexes of DIBP

with MgCl2 and contribution from complexes of other

phthalate esters. The different complexes of DIBP with

MgCl2 are due to the coordination of DIBP to 4 and 5

coordinated Mg ions on (110) and (104) lateral cuts,

respectively, and to 3 coordinated Mg ions on the edges

and corners of MgCl2 crystallites.

Other IR bands of interest are C–O–C symmetric and

asymmetric stretching vibrations at 1,151 and 1,311 cm-1.

O–C=O symmetric and asymmetric stretching vibrations

appear at 936 and 1,082 cm-1. The DIBP-TiCl4 complex

has [C=O stretching band at 1,647 cm-1, which is over-

lapping with the broad [C=O band. The bands at higher

frequencies 1758, 1832 and 1861 cm-1 are attributed to the

complex between MgCl2 and phthaloyl chloride species

(–COCl), which get formed during catalyst synthesis at

high temperatures.

For the synthesis of Catalyst-2 and Catalyst-3, phthaloyl

chloride was added during catalyst preparation and it

should have higher concentration of phthaloyl chloride in

comparison to Catalyst-1. On comparing the IR spectra for

Catalyst-1, Catalyst-2 and Catalyst-3, Fig. 1a, b and c,

respectively, it’s evident that the IR bands corresponding to

–COCl at 1758, 1832 and 1861 cm-1 have higher relative

intensities for Catalyst-2 and Catalyst-3. The relative ratio

of IR band for DIBP at 1,687 cm-1 to IR band for COCl at

1,758 and 1,861 cm-1 is 11 and 41 for Catalyst-1; 5 and 11

for Catalyst-2; 2 and 4 for Catalyst-3, indicating increase in

phthaloyl chloride species for Catalyst-2 and Catalyst-3.

FTIR bands indicate the presence of DIBP-MgCl2
complexes, DIBP-TiCl4 complex and phthaloyl chloride-

MgCl2 complexes. The presence of phthalate esters other

than DIBP can not be studied through FTIR spectroscopy

only and has been substantiated by NMR spectroscopy.

3.3 Phthalate Esters Analysis

1H NMR spectrum of Catalyst-1 is given in Fig. 2, with

insets showing the respective expanded regions. The

spectrum can be divided into four regions, 0.7–2.1, 3.2–

4.4 ppm, sharp peak at 6.5 and 7.5–7.8 ppm. A number of

Table 1 Characteristics of synthesized MgCl2 supported titanium

catalysts

Catalyst Analysis (wt%)

Ti Cl Mg Hexane

(NMR)

DIBP

(HPCL)

DEP

(HPLC)

1 2.9 60 18.5 2.7 11.5 1.1

2 3.2 61 18.0 1.7 7.2 2.3

3 3.3 61 17.8 2.5 6.3 2.7
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resonances indicate presence of multiple organic compo-

nents. Peak at 3.31 is assigned to methanol and peak at 6.54

to 1,1,2,2-tetrachloroethane. The set of resonances at 7.5–

7.8 ppm are assigned to the aromatic ring protons of

phthalic esters. Assignments of the remaining resonances

have been made using 13C, DEPT and 2D correlation NMR

spectroscopy.
13C{1H}, DEPT-90 and DEPT-135 spectra of Catalyst-1

are given in Figs. 3a, 4a and b, respectively. 13C{1H} is

characterized by the presence a large number of reso-

nances, which have been further resolved using DEPT

spectroscopy. DEPT-90 spectrum, which is selective to

methine resonances, has two peaks at 28.67 and

75.75 ppm, indicating presence of two methine groups.

Methylene resonances are resolved through DEPT-135

spectroscopy, where the methyl and methane resonances

are in positive phase and methylene resonances are in

negative phase. DEPT-135 spectrum shows the presence of

five methylene resonances at 23.4, 32.4, 58.14, 62.5 and

72.5 ppm.

Comprehensive assignments of 1H and 13C{1H} NMR

spectrum have been done from HMQC and TOCSY spec-

trum, Figs. 5 and 6, respectively, by building the frame-

work of organic components. The proton at 0.83 ppm

shows cross-peak 1 with methyl carbon at 14.35 and cross-

correlation peak I at 1.22 ppm. The proton at 1.22 ppm

shows two cross-peaks, 5 and 7, with methylene carbons at

23.41 and 32.43 ppm indicating presence of hydrocarbon

component with three types of carbon nuclei. The organic

component is hexane, which was used for final catalyst

washing.

Scheme 1 Proposed reaction

scheme for chemical

transformations of donors

during catalyst synthesis

Fig. 1 FTIR spectrum of a Catalyst-1, b Catalyst-2 and c Catalyst-3
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The proton at 0.94 ppm shows cross-correlation peaks II

and III with protons at 1.97 and 4.01 ppm, respectively,

and cross-peak 4 to methyl carbon at 19.39 ppm. Thus,

organic component with coupled system of three protons is

present. The protons at 1.97 and 4.01 ppm show cross-

peaks 6 and 11 with methine carbon at 28.67 ppm and

methylene carbon at 72.54 ppm, respectively. The high

chemical shift of 4.01/72.54 methylene group point that it

is bonded to oxygen atom and the doublet 1H peak indi-

cates that it is coupled to CH group. 1H resonance of CH

group with heptad multiplicity indicates that it is bonded to

two CH3 groups. Hence the structure of the organic com-

ponent is isobutyl group {–CH2CH(CH3)2}, that of the

isobutyl group of phthalic ester {–CO2CH2CH(CH3)2}.

Cross-correlation peak VI is due to coupling of methine

and methylene protons.

Cross-correlation peak IV is due to coupling of protons

with chemical shifts of 1.15 and 3.60 ppm. The proton

having triplet at 1.15 ppm has cross-peak 3 with methyl

carbon at 18.24 ppm and proton at 3.60 ppm has cross-

peak 9 with methylene carbon at 58.14 ppm. The chemical

shift values and backbone structure indicate the presence of

Fig. 2 1H NMR spectrum of

Catalyst-1

Fig. 3 13C{1H} NMR spectrum of Catalyst-1

Fig. 4 a DEPT-90 and b DEPT-135 NMR Spectrum of Catalyst-1
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ethoxide, from component (4) in Scheme 1, present in very

low concentration, which forms during catalyst synthesis.

Proton with triplet at 1.30 ppm Cross-correlation peak V

at 1.30/4.28 ppm is from the coupling of protons charac-

terized by triplet (1.30 ppm) and quartet (4.28 ppm). The

protons at 1.30 and 4.28 ppm in turn are coupled to methyl

carbon at 14.35 ppm (cross-peak 2) and methylene carbon

at 62.53 ppm (cross-peak 10). This leads to the conclusion

that ethyl group is present. High chemical shift 62.53/4.28

of methylene group indicates presence of –CO2CH2CH3

group of phthalic ester. This is formed during catalyst

synthesis as given in Scheme 1 with Mg(OEt)2 as the

ethoxide source and TiCl4 as transesterification agent

enabling the synthesis of ethyl phthalate esters.

The assignments of HSQC and TOCSY spectrum are

given in Table 2 and 3, respectively. Hexane, isobutyl

phthalate esters, ethyl phthalate esters and ethoxide are the

organic components identified from the comprehensive

NMR spectral analysis. Assigned 1H spectrum allows the

quantification of various organic components present in the

catalyst. Integral intensities corresponding to the following

well resolved resonances (1) CH2 of isobutyl phthalate

ester, (2) CH2 of ethyl phthalate, (3) CH3 of hexane, and

(4) CH2 of ethoxide were calculated and respective organic

components were quantified using the integral intensity of

1,1,2,2 tetrachloroethane resonance at 6.54 ppm which has

been added as internal standard for quantification. This

enabled to quantify the main organic components present

in the catalyst system and residual hexane from washing of

the catalysts.

The wt% of –CO2CH2CH(CH3)2/–CO2CH2CH3 calcu-

lated from 1H NMR spectra are 8.6/0.9, 5.7/1.8, 5.0/2.2 for

Catalyst-1, Catalyst-2 and Catalyst-3, respectively. Con-

sidering that these groups belong to DIBP and DEP only,

than the wt% for DIBP and DEP should be 11.9 and 1.6 in

comparison to 11.5 and 1.1 as determined from HPLC for

Catalyst-1. The difference in NMR and HPLC quantitative

analysis indicates that the –CO2CH2CH(CH3)2 and

–CO2CH2CH3 groups are contributing to some other

component, which can be the product 9 (Scheme 1). To

further substantiate the reaction pathway proposed in

Scheme 1, Catalyst-2 and Catalyst-3 were prepared with

the addition of phthaloyl chloride during catalyst synthesis.

It was envisaged that if the formation of DEP is through

phthaloyl chloride (8), than with its addition the DEP

concentration should increase in catalyst. It was indeed

Fig. 5 2D HMQC spectrum of

Catalyst-1

Fig. 6 2D TOCSY spectrum of Catalyst-1
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observed from the NMR and HPLC analysis that

–CO2CH2CH3 and DEP concentration increases approxi-

mately two times (Table 1).

3.4 MgCl2 Structural Studies

High catalytic productivity requires active MgCl2, char-

acterized by small crystallites of MgCl2 resulting in high

surface area available to donors and TiCl4 to bind. The

(104) and (110) lateral cuts of active MgCl2 having

unsaturated Mg ions act as Lewis acid sites for coordina-

tion with titanium chloride fragments for active sites’ for-

mation and have high surface energy and chemically

unstable.

Figure 7 is showing the deconvoluted WAXD of Cata-

lyst-1 with the following features: broad peaks at 2h 9–18�,

27–38� and 48–54�, broad halo at 2h 21, 43 and 57–67�.

Crystallite width calculated from the diffraction peak at

50.3 2h is 45 Å. Deconvolution of the WAXD profile was

done to study the presence of different phases of MgCl2
[26, 32, 33]. The deconvoluted WAXD profile is indicative

of the a-form having cubic closed packing (ccp) and

b-form of MgCl2 having hexagonal closed packing (hcp)

and distorted d-form of MgCl2. Similar characteristics were

observed for Catalyst-2 and Catalyst-3 with crystallite size

of 47 and 45 Å, respectively. The broad peaks and small

crystallite width is representative of small crystallites and

highly disordered structure providing high surface area for

high catalytic productivity.

Table 2 Assignments of the
13C and 1H resonances from the

2D HSQC spectrum and

corresponding peaks in DEPT

90 and DEPT 135 Spectrum

Cross-peak No. Cross-peak assignment Cross-peak

position (ppm)

Corresponding peak

in DEPT spectra

1 Methyl of hexane 14.35/0.83 10

2 Methyl of –CO2CH2CH3 14.35/1.30 10

3 Methyl of ethanol 18.24/1.15 20

4 Methyl of –CO2CH2CH(CH3)2 19.39/0.94 30

5 Methylene of hexane 23.41/1.23 40

6 Methine of –CO2CH2CH(CH3)2 28.67/1.97 50

7 Methylene of hexane 32.43/1.21 60

8 Methyl of methanol 49.15/3.31 –

9 Methylene of ethanol 58.14/3.60 70

10 Methylene of –CO2CH2CH3 62.53/4.28 80

11 Methylene of –CO2CH2CH(CH3)2 72.54/4.01 90

12 Methine of 1,1,2,2-tetrachloroethane 75.75/6.54 100

Table 3 1H–1H cross-

correlations between

nonequivalent protons observed

from the TOCSY spectrum

Cross-correlation

peak No.

Coupled protons Cross-correlation peak

position (ppm)
Proton I Proton II

I CH3 of hexane CH2 of hexane 0.83/1.22

II CH3 of –CO2CH2CH(CH3)2 CH of –CO2CH2CH(CH3)2 0.94/1.97

III CH3 of –CO2CH2CH(CH3)2 CH2 of –CO2CH2CH(CH3)2 0.94/4.01

IV CH3 of ethanol CH2 of ethanol 1.15/3.60

V CH3 of –CO2CH2CH3 CH2 of –CO2CH2CH3 1.30/4.28

VI CH of –CO2CH2CH(CH3)2 CH2 of –CO2CH2CH(CH3)2 1.97/4.01

Fig. 7 Deconvoluted WAXD profile of Catalyst-1, planes corre-

sponding to a-form having ccp have been indicated by the subscript
‘c’ and planes corresponding to b-form having hcp have been

indicated by the subscript ‘h’
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3.5 Propylene Polymerization Performance

Catalysts were evaluated for propylene polymerization

performance at high pressure. Catalyst-1 showed produc-

tivity of 6.5 kg PP g-1 catalyst with *96% isotacticity

index. Catalyst-2 and Catalyst-3 showed lower productivity

of 5.1 and 4.8, respectively, with *95% isotacticity index.

Catalyst-1 showed higher productivity with similar iso-

tacticity index in comparison to Catalyst-2 and Catalyst-3.

The reasons for higher productivity for Catalyst-1 can be

(1) higher concentration of internal donors (DIBP, DEP)

(2) these bidentate donors provide stability to the active

sites during polymerization [26] and (3) phthaloyl chloride

present in higher concentration in Catalyst-2 is not good

internal donor. The synergistic effect of these factors

lowers down the productivity of Catalyst-2 and Catalyst-3.

4 Conclusions

In the present study, DIBP based high performance MgCl2
supported titanium catalysts were synthesized and observed

to consist of a complex mixture of organic components.

Catalyst characterization using FTIR, NMR and HPLC

revealed the presence of diethyl phthalate, isobutylethyl

phthalate and phthaloyl chloride along with DIBP as the

main organic component. Comprehensive assignment of
1H and 13C{1H} NMR spectra was done using 2D 1H–1H

and 1H–13C correlation spectroscopy. Reaction pathway for

the synthesis of diethyl phthalate, isobutylethyl phthalate

and phthaloyl chloride was substantiated. Productivity of

catalysts with higher amount of phthaloyl chloride species

was observed to be lower with similar isotacticity index.

This indicate that as the isotacticity index remains the same

nature of active sites remain the same, but overall con-

centration of active sites is reduced and protection to the

active sites gets reduced with decrease in concentration of

phthalate esters.
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