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Solid solutions of TiCls and AlCl; can be formed either directly by a cocrystallization
reaction or by ball milling mixtures of TiCl; and AlCls powers. The following evidence has
been obtained for the presence of solid solutions: (a) X-ray diffraction shows only one
phase which is isomorphous with TiCl;; (b) the lattice parameters vary in a systematic
manner with change in composition; (¢) AlCl; cannot be easily sublimed from these
preparations; and (d) the magnetic susceptibility dependence on temperature is the same
for the ball-milled mixtures as for the cocrystallized preparations, but distinetly different

from the nonmilled mixtures,

INTRODUCTION

Several years ago, it was discovered in our
laboratories that crystalline substances hav-
ing the composition TiCl;nAlCl;, where n
need not be a rational number, have attrac-
tive properties as catalyst components for
polymerizing ethylene, propylene, and other
a-olefins (/—4). A variety of methods were
developed for preparing these materials,
primarily by aluminum (7, 2, 8) and alkyl-
aluminum reduction of TiCly (4). It was
found that these compounds could be made
to contain only one crystalline phase (Z), and
that the structure of this phase could be
varied by changes in the synthesis conditions
(2, 4) to be isomorphous with those three
TiCl; modifications which were later des-
ignated the alpha, beta, and gamma forms
by Natta (5, 6, 7). It was also found that
intense grinding of the alpha and gamma
forms, which have ordered layer lattice
structures, results in the formation of a
material having disordered stacking of the
layers. This type of structure was considered
a separate crystalline modification and called
the delta form by Natta (6, 7). The following
discussion will be concerned exclusively with
the three layer-lattice modifications, i.e.,
the alpha, gamma, and delta forms of

The structures can be represented by
layers of atoms on a hexagonal lattice. In
the alpha form, the chlorine layers are in
hexagonal close pack sequence (ABAB ---)
whereas, in the gamma form, they are in the
cubic close pack sequence (ABCABC - ---).
In either form the metal atoms are in inter-
stitial positions in sixfold coordination.
Furthermore, the interstitial metal sites are
located between alternate chlorine layers,
e.g., first and second, third and fourth. This
structure can be considered as composed of
stacking of double layers, each consisting of
two chlorine layers bonded together by
interstitial metal atoms (6).

When either of these forms are cold-
worked as, for example, by ball milling (3),
sliding can take place at the interfaces
between pairs of chlorine layers which are
not directly held together by metal atoms.
This leads to stacking disorder which causes
both the alpha and the gamma forms to
approach the same disordered structure, the
so-called delta form, upon extensive grinding,.
An even simpler method of preparing
8-TiCl;nAlCl; was found in our laboratories
when it was discovered that intense grinding
of any layer lattice type TiCl; with AlCl,
causes cocrystallization and formation of the
corresponding delta form (8). This opened
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up the possibility of studying more thor-
oughly the compositional limits within
which cocrystallization can be accomplished
as well as the properties of such cocrystalline
materials. For this investigation two series
of 8-TiClynAlCl; preparations were made by
mtensely grinding together the two com-
ponents. The properties of each preparation
were then determined in experiments in-
volving: (1) atmospheric pressure propylene
polymerization, (2) vacuum sublimation, (5)
magnetic susceptibility measurement, and
(4) X-ray diffraction analysis.

EXPERIMENTAL

Since TiCl; and AlC]; react readily with a
variety of substances including moisture and
air, the samples were maintained at all
times in an inert environment.

Preparation of §-TiCl;-nAlCl; samples.
5-TiClynAlCl; preparations were made by
two methods, one involving ball milling in
a 1/2 gallon stainless steel jar for 7 days
with 5/8-inch chrome alloy steel balls and
the other milling for 30 min in a vibratory
mill having a 1/4-0z size jar. In the former
case, the pure chemicals were charged to the
jar directly as received, while in the latter
they were first individually ball-milled in the
larger jar. This additional step was not
absolutely essential for obtaining good
cocrystallization, but it made certain that a
homogeneous product was obtained.

To secure equal treatment for the various
compositions, close to the same total charges
were used for each type of equipment, viz.
about 400 g in the 1/2 gallon jar and 1 g in
the 1/4 oz-jar. In addition, a separate experi-
ment was carried out in a quart ball mill jar
in which 75 g of 4-TiCly0.33AICl; were
milled for a total of 4 days with small
samples being taken at intervals throughout
the milling.

Polymerization of propylene. The
8-TiCl3nAlCl; samples were used together
with AlEt; as catalysts for polymerizing
propylene at atmospheric pressure in xylene
diluent. The procedure was essentially the
same as has been described previously
by Torngvist and Langer for ball-milled
TiClsnAlICl; preparations, i.e., 2.5 mmoles
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TiCl; in 1 liter of xylene at 75°C for 1 hr,
usually at a (total Al)/Ti ratio of 2 (2, 3).

Vacuum sublimation of AlCl:. Unmilled
and ball-milled samples (25 or 50 g) of
TiCl;rAlCl; components were subjected to
vacuum sublimation for 4 hr at 4 mm Hgand
at temperatures between 180° and 450°C.
The heating was carried out in a 25-mm OD
Pyrex tube which was inserted in a Heavy
Duty combustion tube furnace. The amount
of sublimed material was determined from
both the weight loss of the material in the
sublimation tube and the weight of sublimed
material collected in a Dry-Ice-cooled
receiver.

Magnetic susceptibility measurements.
The magnetic susceptibilities were deter-
mined ‘in an automatic susceptibility ap-
paratus as described by Richardson and
Beauxis (9). A known amount of each
sample was sealed under a nitrogen atmos-
phere in spherical Pyrex containers and the
susceptibility—temperature relationship was
recorded over the temperature range — 196°
to 25°C. Field dependence checks were made
for ferromagnetic impurities, so that cor-
rections could be made where necessary. The
susceptibilities are reported on a per gram of
titanium basis by making corrections for the
diamagnetic contributions of other constit-
uent atoms.

X-Ray diffraction. Conventional dif-
fractomer traces were made of the powder
samples for crystalline phase determination
and crystal size measurement by the line-
broadening method. Separate traces were
made for lattice parameter measurements.

For convenience of comparing the lattice
parameters for the various samples, the
measurements were referred to the system of
hexagonal axes used for a-TiCl; (10).

Because of the layer stacking disorder,
lattice distortion, and small crystal size
produced by ball milling to obtain the delta
modification, it was not possible to use a
back reflection technique for measuring the
lattice parameters. In fact, the only dif-
fraction lines available for measurement were
the fundamental {300} and {003} lines
occurring at diffraction angles 20 in the
region of 52° and 15° with Cu radiation.
Because of this rather unfavorable situation
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for carrying out lattice parameter measure-
ments, a procedure was adopted using
internal standards; KCl and P,O; were
chosen for this purpose.

Ball-milled KCl, subsequently heated at
500°C to drive off moisture and to relieve
internal strains, was used as a primary
standard. When used as an internal standard,
the positions of its diffraction lines, calcu—
lated from its lattice parameter 6.2931 A
(11, 12), served as calibration points in a
diffractometer pattern of the unknown. In
this manner, the position of the {300} line
for the milled mixture was measured, using
the {222} line of KCL For samples of non-
milled «-TiCl; and «-TiCl;0.33AICl; the
measurements were also extended to the
back reflection region, and precise values of
the lattice parameters a¢ and ¢ were deter-
mined by a least-squares method (13). For
measuring the {003} lines of the milled
mixtures, the two lines of P;0s;, having
d values 5.380 and 5.180 = 0.003 A were
used. These d values were determined from
a mixture of P,O5 and nonmilled «-TiCl;, the
latter serving in this case as an internal
standard.

In the measurements with the diffractom-
eter, the scanning rate was 1/8° in 26 per
minute and the recorder chart presentation
was 4 inches per degree. These conditions
permitted reading the peak positions to
within 0.005° for the standards and to
within about 0.01° to 0.02° for the milled
samples. During the measurements, the
room temperature was 26° -+ 2°C.

The precision of the determinations varied
with the experimental conditions and pro-
cedures. For the determination of the lattice
parameters for - TiCl; and a-TiCl;-0.33 AICI;
by the least-squares method, the standard
deviation is about 0.0005 A for a and 0.002 A
for ¢. From measurements on a single line,
the estimated standard deviation for the
corrected parameters are 0.002 A for a and
0.02 to 0.04 A for c. The effect of the temper-
ature fluctuation is probably insignificant.

REsvLTs

Three of the methods used for studying
the cocrystallization resulting from intense
grinding, viz., vacuum sublimation, magnetic
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susceptibility measurement, and X-ray dif-
fraction analysis, yielded direct proof for
this phenomenon, while the polymerization
studies yielded only indirect proof from
comparison with the activity of ball milled
TiClynAlCl; components which were co-
crystalline as a consequence of their method
of preparation.

Polymerization of propylene. The great
increase in catalyst activity which occurs
when AICI; is cocrystallized with TiCl; was
first demonstrated in two series of polymeri-
zation experiments involving unmilled and
ball-milled samples of TiCls, TiCl; 4+ 0.33
AlCl; (mixture, in case of milling, compo-
nents milled separately under standard con-
ditions), and cocrystalline TiCl;-0.33 AlCI.
The results 1eported in Table 1 clearly show

TABLE 1
CocrysTALLINE TiCl:-0. 33 AICl; Is DIFFERENT
FROM AND SUPERIOR TO PURE TiCl; or
TiCl;-AlCl; MIxTUREs®

Catalyst
Polymeri-
Ball  Polymeri- zation rate
milling zation
time, temp, (g/mmole
Composition (days) (°C) Ti/hr)
a-TiCl; 0 80° 0.64
a-TiCl; + 0.33 AICk, 0 80° 0.56
a-TiCl;-0.33 AlCl; 0 80° 4.4
8-TiCl; 6 75° 11.8
5-TiCl; + 0.33 AICl, 6b 75° 15.4
5-TiCly-0.33 AICls 4 75° 46.3

s Xylene diluent; AlEt; activator; Al/Ti = 2.
b Components milled separately and then mixed.

the greatly superior polymerization activity
of the cocrystalline solid.

The polymerization activity of ball-milled
TiClynAlICl; mixtures was studied in a
similar manner. The data reported in Fig. 1
show how the activity of such mixtures
increases rapidly with the AlCl; content up
to about 20 mole 9, AlCl;, i.e.,n = 0.25, and
then rapidly decreases almost to zero at 50
mole 9 AlCl;. Since at least part of the AlCl;
in the solid component reacts with AlKt;
according to the equation

2AlEt; + AlCl; — 3AIEt,Cl 1)

addition of a quantity of AlEt; corresponding
to (AICl; + AIEt3)(TiCl; = 2 leaves little
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or no free AlEt; to act as a catalyst com-
ponent when the solid component is rich in
AICl,. For this reason some experiments were
also carried out with AlEt;/TiCl; = 1 after
complete reaction according to Eq. (1) had
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LEGEND:

® (TOTAL AN/Ti =2
® FREE AlEt3/TiClz =1
10 - & MIXTURE OF INDIVIDUALLY

BALL MILLED TiCl3 + 0,33 AICI3

ACTIVITY, G. POLYMER/MMOLE TiCI3/HR.

0 10 20 30 40 50
MOLE 7 AlCI3

Fic. 1. The cocrystallization of TiCl; and AICl
during milling influences catalyst activity.

taken place. This amount of AlEt; addition,
which for TiCls-0.33A1C]; is identical to the
one giving (total Al)/(TiCl; = 2, resulted in
better polymer yields with the AICI;-rich
catalysts, but even so the decrease in activity
with inecreasing AlCl; content is quite
striking.

It is readily recognized that these polym-
elization activities are very similar to those
obtained with originally cocrystalline ball-
milled TiCly;nAlCl; components as reported
in Table 1. This in combination with the
fact that mixtures made up from individually
ball-milled components give only the activity
of pure TiCl; strongly indicates that co-
crystallization has taken place during the
milling.

Sublimation experiments. The data
presented in Table 2 clearly show that it is
much more difficult to remove the AlCl;
from originally cocrystalline TiCl;0.33A1Cl;
preparations and from ball-milled TiCl; +
0.33AIC]; mixtures than from such mixtures
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made by simply shaking the two components
together, Thus essentially all AlCl; is easily
removed at 180°C from shaken mixtures,
whereas 450°C is required for complete AlCl;
removal from cocrystalline TiCls-0.33A1C];
components even if they are in a finely
divided ball-milled form. The ball-milled
TiCl;-0.33A1Cl; mixtures give off most of
their AlICl; at a somewhat lower temperature,
about 350°C, but show about the same
stability as the originally cocrystalline
preparations at 250°C. This difference could
be the result of a somewhat incomplete
cocrystallization, i.e., inhomogeneous com-
position, or of a smaller crystallite size in
these intensely milled mixtures. The fact
that the complete removal of AICl; from
these very finely divided powders requires
such high temperatures leaves no doubt,
however, that most or all of the AICI; is so
intimately associated with the TiCl; that it
cannot be considered present as an individual
species.

Magnetic susceptibility measurements.
The magnetic susceptibility-temperature
curves for various ratios of TiCl; and AlCls
ball-milled together are shown in Fig. 2. Also

60 T T T

(D a TiCiz-0.33 AICl3 - Shaken
@ a TiClz-0.1 AICly - Milled
®a TiClz-0.2 AICly- "
@ a TiCl3-0.33 AlCiz- "
®a TiClz-05 AlCl3- "
® a TiCl3 - AICI3 - Milled

o
7

&
(=]

S
P,
i

MAGNETIC SUSCEPTIBILITY x 105, emu/g Ti
(2]
=]

=]
T
1

I | | L
-200 -150 -100 -50 0
TEMPERATURE, °C

Fia. 2. Magnetic susceptibility of TiCl-AlClk
mixtures.
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TABLE 2
Vacuum SUBLIMATION SHOWS THAT CocRYSTALLINE TiCl;-0.33AICI; PREPARATIONS ARE DIFFERENT
rroM Pure TiCl; or TiCl~0.33A1Cl; MixTUREs®

Sample
Composition:
Method of

TiCly?

TiCls-0.33 AlClse

preparation:
H: reduction

Mizxed by

Al reduction ball milling Mizxed by shaking

Treatment: None Ball milling

None

Ball milling
(71.5)¢ (71.3)

Material lost
0

AlCIY at (°C)
180°
200°
250°
350°
450°

TiCl, at (°C)
180°
200°
250°
350°

4 .4v 4.6 (68.3)

10.7

19.8

6.4
1.0 20.2
0.2 20.4/

1.8 (69.5)

1.2
<3 (69.6) 1.2
8.0 (68.8) 3.6

3.4
3.4

(68.6)

450° 6.49 (70.0)¢ 8.3 (69.6)

20.1" (64.3)

«5 mm Hg, 4 hr.

b Should contain 69.19%, Cl, originally the alpha form.

¢ Should contain 71.5%, Cl, originally the alpha form.

4 Values in parentheses give chlorine contents of the original samples or residues.
¢ The TiCl;~0.33 AIC]; preparations should contain 22.2% AlCls.

/ Sublimed at 300°C.
¢ Only partly consisting of TiCl,.

» Analyzed 74.3%, Cl, compared to 74.8%, Cl for TiCl, and 79.8%, Cl for AlICl;.

curve 1 in this figure shows the susceptibility
for a 75 mole %, a-TiCly-25 mole 9, AlCI;
mixture merely shaken together. It should
be noted that this curve is typical of o-TiCl;
diluted with a diamagnetic material, in this
case AlCl;. Curve 4 shows the dramatic
change in the magnetic properties of this
same mixture when it is subjected to ball
milling rather than shaking. This result in
itself shows that a different solid phase is
now present. It is also interesting that curve
4 is similar to the curve obtained for a solid
produced by reducing TiCl, with the stoichio-
metric amount of Al metal and having the
composition TiCl;-0.33A1CI;. This indicates
that there is a similar atomic arrangement
of the Ti**+ and At ions in the Cl~ matrix in
both cases. The other curves in Fig. 2 show
the progressive change in the magnetic
properties of the solid phase with increasing

AICl; in the TiCl; during the ball-milling
operation.

X-Ray diffraction. Indications of solid
solution from lattice parameter shifts for
the alpha modification of TiCls-0.33AI1CI;
were noticed during early work in our
laboratories and were later independently
established and reported by Natta et al. (7).
In the present paper, lattice parameter
measurements of higher precision have been
obtained for the alpha, gamma, and delta
crystalline modifications and in particular,
for a wide range of compositions of the delta
form prepared by ball milling o-TiCl; with
AlCL.

Blends of §-TiCl; with AICI; were prepared
in the various proportions listed in Table 3.
Before milling the blends, the {300} peaks
for the individual components were present
on the diffractometer traces. However, after
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TABLE 3
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LATTICE PARAMETER AND CRYSTAL SiZE MEASUREMENTS

Lattice parameters,

CrystAal size
@ Uneorrected Corrected
AlCl; From {300} From {003}
Type of material (mole %) line line a [ a ¢
Ball-milled TiCl; and AlCl, 0 52 69 6.136 18.01 6.168 17.73
10.0 59 78 6.140 17.94 6.168 17.69
15.0 59 80 6.140 17.91 6.169 17.70
20.0 63 83 6.136 17.89 6.162 17.68
25.0 46 59 6.106 18.02 6.142 17.67
28.9 68 70 6.115 17.87 6.139 17.59
33.3 70 64 6.103 17.89 6.127 17.59
36.8 73 72 6.099 17.89 6.122 17.63
50.0 95 112 6.067 17.80 6.084 17.62
75.0 117 99 5.996 17.75 6.013 17.57
100 200 155 5.913 17.69 5.921 17.58
Ball-milled «-TiCls-0.33 25 74 106 6.118 17.78 6.140 17.63
AlCk
Ball-milled «-TiCl;-0.33 25 — — — — 6.142¢ 17.62¢
AlCl;
Not milled
a-TiCl, 0 >1000 >1000 6.1581 17.617 6.1581 17.617
a-TiCl;3-0.33AIC, 25 >1000 >1000 6.1417 17.618 6.1417 17.618
v-TiCl;-0.33A1C; 25 155 460 6.131 17.65 6.142 17.62
AlCl; 100 >1000 >1000 5.922 - 17.57 5.922 17.57
« Extrapolated data of Fig. 4.
T — T T T T [T T
Ticly AlCl; 53,60 Ticl, + AlCly, 3:1
MIXED MILLED
51.8°
51.7°
51.7°
53.6°
z
21— | ! % | % :
g TiCIJ + AICI3, 1:1 TiC|3 + A|c|3[ 1:3
MIXED MILLED | MIXED MILLED
2.9°
53.6° 52.20 53.6°
51.7°
51.7°
I 1 1 | 1 | I 1
50 55 50 55 50 55 50 55

DIFFRACTION ANGLE, 26 IN DEGREES
Fre. 3. X-Ray diffractometer scans of {300} lines for TiCl;-AlCl; blends.
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milling, only one peak was observed. Several
representative cases are shown in Fig. 3.
This indicates the transformation of the two
separate phases into a new phase. A similar
behavior was not observed for the {003}
peaks since these peaks for the blends were
not resolved. The diffraction patterns of all
the ball-milled mixtures were quite similar to
the ball-milled TiCl; signifying a set of
structures isomorphous with §-TiCls.

It was observed that the lattice parameters
of the TiCl;- AICl;system varied with crystal-
lite size. As the crystallite size decreased, the
o parameter decreased and ¢ increased. These
effects were quite large and in many cases
greater than the shifts in lattice parameters
due to variations in composition. This had to
be accounted for in the determination of the
desired relationship between composition
and lattice parameters. To make this cor-
rection, a series of samples was made by
subjecting a y-TiCl;-0.33AlClL; preparation
to various degrees of milling and the de-
pendence of @ and ¢ on crystallite size was
determined. It was found that a correlated
rather well with the reciprocal of the crystal-
lite size measured from broadening of the
{300} line. Similarly ¢ correlated with the
reciprocal of the crystallite size measured for
the {003} line. These relationships are
shown in Fig. 4. By extrapolating the curves
to reciprocal crystal size of zero, i.e., infinite
cerystal size, values of the parameters free of
the crystal size effect are obtained.

As it was impractical to obtain the data to
construct similar curves for the ball-milled
mixtures, the curves of Fig. 4 were used to
correct all the lattice parameters to infinite
crystal size. For the purpose of making this
correction, it was assumed that the reduction
of crystal size affected the lattice parameters
to the same extent for all the ball-milled
samples. Then for a measured crystal
dimension, the algebraic difference from the
respective curve to the dashed line was
determined. This difference was added to the
uncorrected value of the lattice parameter to
give the value corrected to infinite crystal
size. For the a parameter the correction was
positive while for the ¢ parameter it was
negative.

Measurements of crystal size and lattice
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F1e. 4. Variation of lattice parameters with crystal
dimensions. Data are for 5-TiCl;-0.33 AlCl; prepared
by subjecting 4-TiCl;-0.33 AIC; to varying amount
of ball milling.

parameters carried out for the milled mix-
tures and also for «- and y-TiCl;-0.33A1Cl;
prepared by the reduction of TiCly with Al
are summarized in Table 3. The corrected
lattice parameters for the milled mixtures
are shown plotted versus composition in
Fig. 5.

The change in the ¢ parameter with com-
position for this isomorphous series clearly
indicates the presence of solid solutions.
Furthermore, the absence of discontinuities
in the plot indicates that solid solutions can
be formed over the entire range of composi-
tion. The dependence of ¢ on composition
supports the preceding conclusions; however,
the trend for ¢ is not as well defined primarily
because of the lower precision for the meas-
urement of this parameter.

Measurements of higher precision carried
out for a-TiCl; and a-TiCly-0.33A1Cl; showed
a smaller value of @ in a-TiCl;-0.33A1C]; by
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about 0.26% and no significant change for c.
The results for the ¢ parameter are in agree-
ment with those of Natta (7); however,
Natta reported a much larger contraction for
a—about 1.3%,. The shift we found in a for
a-TiCl;-0.33A1C]; (well within the experi-
mental accuracy) is considered strong evi-
dence for the presence of a solid solution.

—
~
~

¢, ANGSTROMS

17.6

Wy
£ 61 -
o
-
w
o
=z
<
< 6.0 —
. P
5.9 -
0 20 40 60 80 100
MOLE 7% AICI,

Fic. 5. Lattice parameters, corrected to infinite
crystal size, for various compositions of ball-milled
mixtures.

When this material is ball-milled, the solid
solution should be retained in the delta
modification. Furthermore, the delta modifi-
cation formed from milling «-TiCl;-0.33
AlCL; or the «-TiCl; 4 0.33AlCl; mixture
should have the same lattice parameters.
The results in Table 3 bear this out within
the accuracy of the data.

It is also of interest to note in Table 3 that
a and ¢ (corrected), for the alpha form of
TiCl;-0.33A1Cl; have the same values,
within the experimental accuracy, as the
respective parameters for the gamma form.
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This is not surprising, considering the
minor differences in structure of the two
modifications.

CONCLUSIONS

From the foregoing discussion we conelude
that ball milling the powder mixtures of
TiCl; and AICl; produced solid solutions
having structures isomorphous with 8-TiCls.
Such solid solutions can be formed over a
very wide range of composition, presumably
for any proportion of the two constituents.
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