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ABSTRACT

Z

iegler-Natta catalyst for propylene polymerization, which TiCl4 and di-alkyl phthalate were supported on
MgCl2, was analyzed by solid state 13C NMR. It was confirmed that the spin-lattice relaxation time (“relaxation
time” hereafter) of carbonyl group in phthalate was shortened with increasing measurement temperature as a
general manner because of the enhancing of molecular mobility at high temperature. The degree of the relaxation
period reduction with temperature was influenced by the alkyl group size in phthalate molecule; the larger alkyl
group showed a greater shorting of the relaxation period. A short relaxation time should suggest a weak interaction
between the phthalate molecule and the MgCl2 support surface. The change in catalytic performance was discussed
by the active site formation mechanism involving the phthalate removal step. Polyolefins J (2022) 9: 117-127
Keywords: Ziegler-Natta catalyst; propene polymerization; solid-state 13C NMR; spin-lattice relaxation time; carbonyl(C=O)
motion in phthalate molecule.

INTRODUCTION
The Ziegler-Natta catalyst, invented in 1950, opened
the polyolefin field [1,2,3] and the progress of catalyst
technology has greatly contributed to the market growth
and the expansion of the plastic industries.
The propylene polymerization catalyst, which is
currently used world-wide, is composed of Ti species
and “internal” electron donor compound such as di-alkyl
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phthalate supported on the MgCl2 solid surface. As the
catalytic performances are strongly influenced by the
kind of internal donor compound, many studies have
been performed in order not only to know the interaction
between internal donor compound and MgCl2 surface,
but to understand the role of internal donor in the
polymerization reaction mechanism [4-30]. Terano et.al.
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investigated the ethyl benzoate (EB) donor supporting
(coordination) mode on the MgCl2 surface by IR and
TG-DTA analyses. They concluded that TiCl4 and EB
are supported on MgCl2 separately [24,25].
NMR of below 10 tesla of magnetic field, which shall
be so-called general purpose level instrument, has been
applied to study the structural fashion of internal donor
compound in Ziegler-Natta catalyst solid.
For instance, Abis et. al. analyzed the nature of
supported ethyl benzoate (EB) molecule, in which
the sample was prepared by co-grinding of EB and
MgCl2, by a solid-state 13C NMR. They confirmed
that EB was connected on MgCl2 via strong chemical
bond [31].
Terano et. al. also studied on EB supported on
MgCl2 by the solid-state 13C NMR. They prepared the
catalyst samples from MgCl2 and TiCl4-EB complex
by changing the mechanical co-grinding time. They
confirmed that there was interaction between EB and
MgCl2 [32]. This indicates that TiCl4-EB complex is
decomposed and EB molecule moved to the MgCl2
surface during the mechanical grinding.
As briefly reviewed above, the solid-state 13C NMR
has been applied to characterize MgCl2 supported
Ziegler-Natta catalysts. Many prior studies have
pointed out the presence of chemical interaction
between internal donor compound and the MgCl2
support surface. Looking at the actual polymerization
catalyst system, however, the alkyl aluminum and
external donor such as alkoxy silane are required to
initiate the polymerization reaction.
And it is known that the replacing of internal donor
by external donor takes place under the presence of
alkyl aluminum [33]. This suggests that the strength
of coordination of internal donor to the MgCl2
surface shall potentially be a control factor how easy
to proceed the active site formation, resulting in the
changing of catalytic performance.
Regarding the interaction between the internal donor
and the MgCl2 surface, Sormunen et.al. conducted
the solid-state 13C NMR analyses with the catalysts
containing di-alkyl phthalate internal donor, which is
currently one of the major industrial catalyst systems
[34]. They conducted the chemical shift assignment
of C=O (carbonyl group) in di-isobuthyl phthalate
(DiBP) which was complexed with the TiCl4 or MgCl2
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surface. They also obtained fundamental data of the
dipole-dipole interaction (T1ρ) of C=O. The C=O
relaxation times (T1ρ) in TiCl4 / DiBP complex and
MgCl2/TiCl4/DiBP were 75ms and 39ms, respectively.
The different relaxation times suggested DiBP should
be interacted with MgCl2 in the three components
material of MgCl2/TiCl4/DiBP.
And the long relaxation time in DiBP supported
on MgCl2 indicated that DiBP molecule should
electrochemically be constrained by the MgCl2 surface.
Although this work demonstrated the effectiveness
of solid-state 13C NMR analyses, T1ρ might not be
the sufficient parameter to quantitatively detect of
relatively long relaxation time case such as C=O.
We applied T1 measurement instead of T1ρ in
order to improve the reliability of the relaxation time.
It was found that the phthalate having long alkyl
group showed short relaxation time, suggesting weak
chemical coordination on the MgCl2 surface. It was
also found that such a phthalate molecule has a high
catalyst performance. This behavior might potentially
suggest that the high performance active sites tend
to easily be formed from the weakly coordinated
phthalate on the surface.
In our previous work, however, the solid-state
13
C NMR measurement was carried out at room
temperature [32,35]. On the other hand, the practical
condition of propylene polymerization is higher
temperature, for instance, typically at 70°C. In order
to understand the relationship between the electrochemical nature of phthalate internal donor and the
catalytic performance, the effect of temperature on the
phthalate molecule mobility on the catalyst surface
needs to be investigated.
In the present work, the detail investigation of the
temperature dependence of C=O relaxation time
(T1) of phthalate internal donors was conducted. In
addition, the results were discussed from the view
point of the active site formation mechanism by taking
into account of the order of the catalyst performances.

EXPERIMENTAL
Preparation of catalysts
All preparation process was conducted under nitrogen
Polyolefins Journal, Vol. 9, No. 2 (2022)
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inert atmosphere.
TiCl4-di-alkyl-phthalate Complexes
Three complexes were prepared by changing of
phthalate compounds of di-ethylphthalate (DEP), din-butyl-phthalate (DBP), and di-n-octyl-phthalate
(DOP). The structures of phthalates are illustrated in
Figure 1.
1000 mL of three-necked flask was used for the
reaction by connecting mechanical agitation and a
dropping funnel. 200mL of n-heptane and 0.5mol
of di-alkyl-phthalate were charged to the flask and
the solution was heated up at 40°C. To the solution,
0.5mol of TiCl4 was slowly fed dropwise.
After the completion of TiCl4 feeding, the reaction
continued at 40°C for 2 h. The precipitated solid was
washed with n-heptane. A yellowish powder was
obtained by vacuum drying.
The powder compositions was determined based on
Ti content measurement as follows; TiCl 4:DEP=1:1.02,
TiCl4:DBP=1:1.09, and TiCl4:DOP=1:1.05, respectively.
MgCl2/TiCl4-phthalate complex catalysts
315 mmol of MgCl2 (surface area determined by BET
method was 11 m2/g), and 45mmol of TiCl4-di alkyl
phthalate complex prepared above were introduced to
the stainless vibration mill pot in which 50 bolls of
25mmφ was charged. 20 h co-grinding was performed
at room temperature. 20 g of the co-grinding solid
was transferred to a 300 mL volume glass flask
with mechanical agitation. The solid was washed
with n-heptane at 40°C until the free TiCl4 actually
disappeared. The solid catalyst was obtained after
drying under vacuum.
Preparation of a reference sample
A reference sample was prepared by mechanical
grinding of MgCl2 with DBP. 315 mmol of MgCl2
(surface area determined by BET method was 11
m2/g) and 30 mmol of DBP were introduced to

Figure 1. Chemical structures of (A) Diethylphthalate(DEP), (B)
Di-n-butylphthalate(DBP) and (C) Di-n-octyl phthalate(DOP).
Polyolefins Journal, Vol. 9, No. 2 (2022)
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the stainless vibration mill pot in which 50 bolls of
25mmφ was charged. 20 h co-grinding was performed
at room temperature. 20 g of the co-grinding solid
was transferred to a 300 mL volume glass flask with
mechanical agitation. The solid was washed 10 times
with 200 mL of n-heptane at 40°C. The solid reference
sample was obtained after drying under vacuum.
Characterization of catalysts
Ti content of the solid material was determined by an
ordinarily colorimetric analysis. From the absorbance
at 410 nm of Ti-H2O2 complex in acidic aqueous
solution, Ti content was determined by the calibration.
To determine DEP, DBP and DOP content, the catalyst
solid was decomposed by hydrochloric acid and
sulfuric acid. Organic components were extracted by
toluene. DEP, DBP and DOP content was determined
by measuring of gas-chromatography of the toluene
solution. The compositions of three catalysts prepared
are listed in Table 1.
Bulk polymerization of propylene
To 2000 mL volume stainless steel auto clave, 20
mL of n-heptane, 1.32mmol of triethyl aluminum,
and 0.132 mmol of cyclo-hexyl methyl di-methoxy
silane (CMDMS) as the external donor, and the
prescribed amount of catalyst solid (as 0.00264 mmol
of Ti) were charged. Liquid propylene (1.0 L) and H2
(1.5 NL) were fed to the reactor. After 5min of prepolymerization at 20°C, the temperature rose quickly
to the polymerization temperature. Three different
polymerization temperatures of 20°C, 50°C, and 70°C
were chosen. Polymerization reaction was performed
for 1 h. The polymerization was terminated by cooling
the temperature to room temperature and purging of
propylene gas. The produced polypropylene powder
Table 1. Results of catalyst composition.
Sample
Reference sample (MgCl2/DBP)(a)
MgCl2/TiCl4.DEP complex catalys(a)
MgCl2/TiCl4.DBP complex catalys(a)
MgCl2/TiCl4.DOP complex catalys(a)

Ti
content(b)
wt%

ID(c)
content(d)
wt%

2.4
1.9
2.1

14
10
14
14

(a) co-grinding time for 20h.
(b) Determined by UV.
(c) Internal donor.
(d) Determined by GC.
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was collected from the reactor.
Evaluation of isotacticity of polypropylene
4 g PP and 200 mL of p-xylene were charged into a
200 mL volume round bottom flask. The polymer was
dissolved under boiling temperature of p-xylene for
2 hours. After cooling of the solution for 1 h at 23°C,
the precipitated PP was filtrated. p-Xylene solvent of
the filtrate was evaporated and the fraction of p-xylene
solution was determined from the amount of polymer
remaining. In this report, the isotacticity index (X.I.:
p-xylene insoluble weight fraction) was defined by
Equation (1) .
X.I. (wt%) = 100 - weight fraction of p-xylene soluble (1)

Determination of the spin-lattice relaxation time
[36] of C=O in phthalate
Solid-state 13C NMR measurement was conducted with
an ECA 400 (JEOL Ltd.) attached MAS instrument.
Tocha method [37] was applied for the measuring
mode of the spin-lattice relaxation time. The derail
operation conditions were as follows; CP contact time
was 2.0 to 5.0 ms, the repeat time was 15 s, τ value
was in the range of 0.10 to 100 s, the size of NMR
sample tube was 4mmφ, the rate of MAS was 15kHz
to 18kHz, the data point was 8k, the accumulation
number was 256 to 5000 times, and the measuring
temperature range was 20°C to 70°C.

Figure 2. Solid-state 13C NMR spectra of (a) TiCl4-DEP
complex, (b) TiCl4-DBP complex, and (c) TiCl4-DOP complex:
Measurement temperature = 20°C.

RESULTS AND DISCUSSION
Figure 2 shows the solid-state 13C-NMRs of the
different kinds of TiCl4-phthalate complexes, which
were measured at 20°C. The charts (a), (b) and (c)
are the cases with DEP, DBP, and DOP, respectively.
As shown, it could be confirmed that the clear signal
assignment was made.
Figure 3 is the expansion of C=O signal range of
Figure 2. The chemical shift of carbon in C=O in
the complex with TiCl4 was changed by the kind of
phthalate. This suggests that the coordination strength
of C=O to Ti is influenced by the size of alkyl group
in phthalate molecule. In the case of DOP, a double
signal was observed. Although the course of this
120

Figure 3. C=O behavior in TiCl4 phthalic acid ester complex
by solid-state 13C NMR spectra. (a) TiCl4-DEP complex, (b)
TiCl4-DBP complex, (c) TiCl4-DOP complex. Measurement
temperature = 20°C.
Polyolefins Journal, Vol. 9, No. 2 (2022)
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behavior was not clear, unfortunately, two different
coordination structures may be formed, due to some
sort of steric hindrance of the large alkyl group of
DOP.
Figure 4 is an example to show the effect of NMR
measuring temperature on the chemical shift change of
carbon atom of C=O group in phthalate. The high field
shift was observed at high temperature. This indicated
that the electron density of carbon atom was increased
at high temperature. The behavior shall be attributable
to the weak interaction between Ti and C=O in the
complex under heat.
The full width half maximum (FWHM) values of
the signal were 45 Hz and 32 Hz at 20°C and 70°C,
respectively. The sharper signal at higher temperature
supports the weaker coordination of C=O to Ti.
As described so far, the carbon atom signal of
C=O in TiCl4-phthalate complex could be detected
by the solid-state 13C-NMR. In addition, it could be
confirmed that the chemical shift value was changed
not only by the kind of phthalate but by the measuring
temperature. These should be understandable from the
view point of the coordination strength of phthalate
to Ti.
The solid-state 13C-NMR analyses were also applied

Figure 4. Chemical shift change of C=O in TiCl4/DEP
complex by the measuring temperature of solid-state 13C
NMR. (a) 20°C spectra, (b) 70°C spectra.
Polyolefins Journal, Vol. 9, No. 2 (2022)
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to the catalyst solids prepared by the co- grinding of
MgCl2 with TiCl4-phthalate complexes.
Figure 5 shows the NMRs of the catalyst solids. The
charts (a), (b) and (c) are the cases with DEP, DBP
and DOP, respectively. Similar to the TiCl4-phthalate
complex shown in Figure 1, the signal assignment
of phthalate could be made even in the catalyst solid
supported on MgCl2.
Regarding the effect of the kind of phthalate and the
temperature on the chemical shift of carbon in C=O
group, the solid-state 13C-NMR measurements of the
catalysts were repeated. The chemical shifts and the
FWHM values are summarized in Table 2. Details will
be discussed later.
In Table 2, the spin-lattice relaxation times of carbon
in C=O group are also listed.
Figure 6 shows the attenuation of the signal intensity

Figure 5. Solid-state 13C NMR spectra of (a) catalyst
prepared by co-grinding of MgCl2 with TiCl4-DEP complex for
20 h, (b) catalyst prepared by co-grinding of MgCl2 with TiCl4DBP complex for 20h, (c) catalyst prepared by co-grinding
of MgCl2 with TiCl4-DOP complex for 20 h. Measurement
temperature = 20°C.
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Table 2. Effect of relaxation time and catalyst performance on solid-state 13C NMR measurement temperature changes.
13

Sample

C Solid-NMR and
polymerization
temperature °C

Chemical shift of
C=O group d in
ppm

Relaxation
time of C=O
group sec

Full width half
maximum of C=O
group Hz

Yield g-PP/gcatalyst

X.I.(b)
%

TiCl4. DEP complex

20
70

176
174

129
2

66
41

-

-

MgCl2/TiCl4.DEP
complex coground
catalyst(a)

20
50
70

172
172
171

57
58
4.0

388
301
265

100
600
4.300

59.8
75.6
95.1

TiCl4.DBP complex

20
70

173
172

75
1.0

45
32

-

-

MgCl2/TiCl4.DBP
complex coground
catalyst(a)

20
50
70

171
171
170

29
11
2.0

255
238
207

210
720
7.400

62.2
78.7
94.6

TiCl4.DOP complex

20
70

171(174)
171(173)

45
0.1

22(33)
26(57)

-

-

MgCl2/TiCl4.DOP
complex coground
catalyst(a)

20
50
70

171
170
169

21
0.5
0.1

244
229
177

600
5.500
26.800

66.2
81.1
95.8

(a) co-grinding time for 20h.
(b) X.I.:wt% of xylene insoluble fraction.

(Int.) detected by the changing of TAU interval (t).
The correlation between Int. and t can generally be
expressed by the following equation [37].

Int . ∝ exp (− t/T1)
Where, T1 indicates the spin-lattice relaxation times.

Figure 6. C=O behavior in MgCl2/TiCl4 phthalic acid ester
complex 20 h co-grinding catalysts by solid-state 13C NMR
relaxation time spectra.(a) catalyst prepared by co-grinding of
MgCl2 with TiCl4-DEP complex for 20 h, (b) catalyst prepared
by co-grinding of MgCl2 with TiCl4-DBP complex for 20 h, (c)
catalyst prepared by co-grinding of MgCl2 with TiCl4-DOP
complex for 20 h. Measurement temperature = 20°C.
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Based on the above relationship, T1 could be
determined from the slope value of legalism plot of
t vs. Int.
Relaxation time was shortened at high temperature
in all samples.
This indicated a weak interaction between phthalate
with TiCl4 or MgCl2 at high temperatures, which
should support the discussion on the chemical shift
change made in Figure 4. Besides the FWHM of
signal was also narrower at higher temperatures as
a general manner among the all samples. Based on
these results, it could be confirmed that the phthalate
molecule tightly coordinated to TiCl4 or MgCl2 at low
temperatures, which should be quite reasonable from
the thermodynamics viewpoint.
Figure 7 shows the 13C-NMR charts of C=O of the
samples prepared with DBP.
The liquid NMR chart of pure DBP was also shown
as a reference (Figure 7(a)). The chemical shift of C
atom of C=O group was observed as 167 ppm.
Polyolefins Journal, Vol. 9, No. 2 (2022)
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Figure 7. C=O behavior by 13C NMR spectra. (a) DBP
(liquid), (b) MgCl2/DBP 20 h co-grinding for 20 h, (c) TiCl4DBP complex,(d) catalyst prepared by co-grinding of MgCl2
with TiCl4-DBP complex for 20 h. Measurement temperature
= 20°C.

Figure 7(b) indicates the solid-state 13C-NMR of
the reference sample prepared by the co- grinding of
MgCl2 with DBP, in which the peak top was at 170
ppm. Since this reference material was prepared only
with two components of MgCl2 and DBP, the 170
ppm signal was undoubtedly assigned as C=O of DBP
coordinated to the MgCl2 surface. The low field shift
from 167 ppm to 170 ppm suggested that the electron
density of C in C=O coordinated on MgCl2 is lower
than that of pure DBP molecule.
Figure 7(c) is the solid-state 13C-NMR of TiCl4-DBP
complex.
By comparing with pure DBP molecule (Figure 7(a)),
the low field shift of the chemical shift was observed
from 167 ppm to 173 ppm. This phenomenon seems
to be consistent to tight coordination behavior of THF
to TiCl4 [38].
Judging from that chemical shift value gap between
Polyolefins Journal, Vol. 9, No. 2 (2022)
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Figure 7(b) and (c), the electron density of carbon in
C=O supported on MgCl2 was higher than that in TiCl4DBP complex. This suggests that C=O supported on
MgCl2 should be less polarized than in TiCl4-DBP
complex.
Figure 7(d) shows the solid-state 13C-NMR of
the TiCl4/ DBP/MgCl2 catalyst. As described in
Experimental section, the catalyst solid was prepared
by the co-grinding of MgCl2 and TiCl4-DBP complex.
The peak top of chemical shift of C=O was at 171 ppm,
which was very close to the position shown in Figure
7(b). Accordingly, it could plausibly be interpreted
that TiCl4-phthalate complex was at least partially
decomposed and phthalate molecule moved to the
MgCl2 surface and finally formed MgCl2-phthalate
complex. The similar behavior and explanation have
been reported in ethyl benzoate internal donor catalyst
case [8,24,25,29].
Although the clear mechanism was not known,
the very unique property of the defect of MgCl2
surface might contribute to the migration of phthalate
molecule. In addition, as the relaxation time was
shortened at high temperature, heating up induced
by mechanical friction in grinding may potentially
enhance the migration.
Arrhenius plots of the relaxation times listed in
Table 2 are shown in Figure 8.
The plots can be regarded as the linear correlations,
since the order of relaxation time detected was long
enough in compare with Larmor frequency (In this
work it can be estimated as 1/400 MHz=2.5 ns)
[39,40].
From the slope of each plot in Figure 8, the values
of the activation energies were determined as Table 3.
The activation energies of DEP-containing samples
were -16.7 kcal/mol in TiCl4-DEP complex, and -9.9
kcal/mol in MgCl2/TiCl4-DEP catalyst, respectively.
Considering the significant difference in energy values,
these data indicate that DEP molecule supported on
the MgCl2 surface should thermally stable in compare
with that in the TiCl4 complex. As shown in Table 3, the
absolute number of energy values of TiCl4-phthalate
complex was always larger than that of MgCl2/TiCl4phthalate catalyst. Therefore, the stabilizing effect by
supporting seemed to be a general tendency among
the three phthalates investigated.
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(c)

Figure 8. Arrhenius plots of relaxation time of C=O of TiCl4-Phthalate complexes and their MgCl2 supported catalysts. (a) TiCl4DEP Complex (●),MgCl2/TiCl4-DEP Complex 20 h co-grinding(▲), (b) TiCl4-DBP Complex (●),MgCl2/TiCl4-DBP Complex 20 h
co-grinding(▲), (c) TiCl4-DOP Complex (●), MgCl2/TiCl4-DOP Complex 20h co-grinding(▲).

The activation energies of MgCl2/TiCl4-phthalate
were estimated ca. -10 kcal/mol for DEP and DBP,
and ca. -20 kcal/mol for DOP. The gap suggested DOP
should easily be mobilized at high temperature among
the three kind of phthalates.
Figure 9 shows Arrhenius plots of polymerization
activities of three catalysts. The activation energy was
almost constant at around 14 kcal/mol for three kinds
of alkyl group in phthalate. It should be noted that the
energy parameters shown in Table 3 were related to the
reactivity of phthalate molecule with alkyl aluminum
to form the polymerization active site. On the other
hand, Figure 9 indicates the activation energy for the
propagation rate of polymerization reaction.
Accordingly, the nature of the active species for
polymerization is basically equivalent to the structure
of phthalate molecule. It has been reported that the
phthalate donor is exchanged by Si external donor
under the polymerization mode [33].
Therefore, once phthalate is replaced by Si donor,
the structure of the active sites shall reach to an
equivalent and lose the intrinsic chemical property of
each kind of phthalate.

On the other hand, the absolute activity level of DOP
catalyst was the highest among the three catalysts. As
mentioned in the relaxation time analyses above, DOP
should be weakly coordinated on the catalyst surface.
It would be plausible that the easy replacement from
DOP to Si donor accelerates the active site formation.
Thus, the high activity of DOP catalyst shall be
attributable to large numbers of active sites.
In terms of isotacticity of PP, it was significantly
enhanced by increasing the polymerization
temperature, indicating that the iso-specific active
sites were the major contributor to give the impact to
the activation energy of polymerization. Besides the
slightly high isotacticity in DOP-containing catalyst
seems to be from the easier replacement to Si donor
than the other phthalates of DEP or DBP.

Table 3. Activation energies determined from Arrhenius
plots of Figure 2.
Material
TiCl4.DEP complex
MgCl2/TiCl4.DEP complex catalyst
TiCl4.DBP complex
MgCl2/TiCl4.DBP complex catalyst
TiCl4.DOP complex
MgCl2/TiCl4.DOP complex catalyst
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DE
Kcal/mol
-16.7
-9.9
-17.3
-10.2
-24.4
-21.6

Figure 9. Arrhenius plots of polymerization activity: MgCl2/
TiCl4-DEP Complex 20 h co-grinding catalyst system(●),
MgCl2/TiCl4-DBP Complex 20h co-grinding catalyst
system(▲), MgCl2/TiCl4-DOP Complex 20 h co-grinding
catalyst system(■).
Polyolefins Journal, Vol. 9, No. 2 (2022)
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the surface is markedly influenced by the phthalate
molecule structure and temperature. The high mobility
of phthalate, i.e. weak interaction with surface, shall
relatively easily be replaced by Si donor under the
polymerization mode, resulting in the promoting the
formation of high active/istotactic polymerization
sites.
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