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Studies on Ziegler-Natta Catalysts. Part |I. Reaction
between Trimethylaluminum and a-Titanium
Trichloride
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Union Carbide European Research Associates, S. A., Brussels, Belgium

Synopsis

The reaction between a-TiCL and AIMB3 at 65°C. in (he absence of solvent was
studied by a method which gives information about the early stages of the reaction.
The results obtained give evidence for a sequence of consecutive reactions and show
that the first of these is a fast partial alkylation of the a-TiCla surface. The mechanism
of formation of met liane in the last, step of the reaction is discussed in detail.

|. INTRODUCTION

In a preceding paper,1a reaction scheme was proposed for the reaction
between a-TiCR and A1(CH33in the absence of solvent, and some con-
clusions concerning the structure of the resulting surface product were
presented. In the present paper the initial period of the reaction and the
reaction steps leading to the formation of methane are treated in more
detail. The earlier propositions have been completed on the basis of more

experimental evidence.

I INITIAL PERIOD OF REACTION: ALKYLATION OF TiCL

It was noted earlier that in the first stages of the reaction a rapid ex-
traction of chlorine takes place; this extraction was previously followed
by a method1which will be called method A throughout this paper. A
new method, referred to as method B, more appropriate to the obtention of
precise data on the initial period, is described below.

Experimental

Materials. The materials used, a-TiCL, AI(CH#3 and A1(CD33 were

prepared as previously described.1
Method B. A sample of TiCl3 of known BET surface is stored in

vessel A of the apparatus represented in Figure 1. The vessel A carries

* Present, address: 17CB Pharmaceutical Division, 68, rue Berkendael, Brussels,

Belgium.
f Present address: Institut, Francais du Pétrole, Rueil-Malmaison, S. et O., France.
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Fig. 1. Apparatus for the study of the reaction between TiCl3and AlAle3by method B.

three reservoirs of the type shown at the right, each containing a known
quantity of AL\le3

The reaction space A is thermostatted and separated from the rest of
the high vacuum apparatus (ICR4mm. Hg) by means of a mercury valve.
The reaction starts when one of the Al.\le3 reservoirs is opened by the
shattering of its thin glass wall. Reservoir B, which is connected to a
vacuum pump, is quickly filled with liquid nitrogen when the desired
reaction time is attained.

The nitrogen solidifies, and in less than 30 sec. all of the volatile products,
AlMe3 AlMcjCI, and CH4 are condensed on the wall of B. The mercury
valves are opened, and the volatile products are allowed to escape, the
temperature of B being gradually raised to 6f>°C. and collected in two
traps immersed in liquid nitrogen, the aluminum compounds in trap C,
and methane in trap 1) on Linde 4A molecular sieves. The mercury valves
are closed when all products condensed on B have been removed.

The apparatus is provided with three parallel sets of traps which allow
three successive reactions of exactly known duration to be run.

The amounts of methane retained in traps D are measured manometri-
cally after the traps have been brought to room temperature. The alumi-
num compounds trapped in C are collected in small tubes, weighed, and
analyzed for CH3and chlorine. The nonvolatile reaction product remain-
ing after the third run is hydrolyzed, and the amount of hydrolysis gas is
measured.

It is worth mentioning that Linde 4A molecular sieves, cooled by liquid
nitrogen, adsorb methane very quickly, leaving a residual pressure of only
ICRImm. Hg.

Results

Two reactions between a-TiCl3and A1(CH33have been run at 65°C. in
the absence of any other compound. Each run consists in three successive
steps of various duration. The results are given in Table I.

The symbols used in Table | are defined as follows: Tisut is the number
of milligram-atoms of Ti in the surface layer (the area occupied by one
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TABLE 1
Stoichiometry of the a-TiCL-AlMes Reaction, Initial Period, 65°C., Method B

RB18 RB19

Step 1 Step 2 Step 3 Step 1 Step 2 Step 3
Surface TiCI3 m.2 139 158
Tisurf.,, mg.-atoms 1.36 1.55
CLurf., mg.-atoms 2.04 2.32
Partial reaction

time, sec. 155 416 1180 66 291 825

Total time, sec. 155 571 1751 66 357 1182
CL, mg.-atoms 0.670 0.127 0.129 0.760 0.171 0.144
CL/AIf 1.59 0.93 0.83 1.81 1.07 0.77
2CIVI2AIlf 1.59 1.43 1.30 1.81 1.61 1.40
(CR+ CDJ/Clv 0.73 1.54 1.62 0.67 1.22 1.43
S(CR + Cd)/2A1] 1.16 2.20 2.11 1.21 1.96 2.00
Clv/Tisurf. 0.49 0.10 0.10 0.49 0.11 0.11
SCIv/Tw. f().49 0.59 0.69 0.49 0.60 0.70

TiCl.t unit in the surface being estimated at 16.3 A.2 ;23CI3uf. is the number
of milligram-atoms of Cl in the outermost chlorine layer; Clvisthe number
of milligram-atoms of CI found in the volatile aluminum compounds for
each step; Alt is the number of milligram-atoms of Al fixed in the non-
volatile product after each step calculated from weight and composition
of in- and out-going aluminumalkyls; Cr + Cd is the number of millimoles
of methane formed in the course of each step; 2C1V, 2Alf, . (Cr + Cd)
denote the sum of CIV, Alf, and (Cr + Cd), respectively, from the start
of the reaction to the end of the step.

Some of the data contained in Table | are graphically represented in
Figures 2 4.

A close examination of these data reveals a number of interesting facts.

(1) The ratios CIVAIf, 2CIV2Alf change as a function of time (Fig. 2).



1008 L A M. RODRIGUEZ. IT. M. VAX 100V, AXD 1 A GABAXT

[Cr+Col/clv

ICly/ti surf

The stoichiometry of the reaction at any one time is variable and depends
on the degree of advancement. CIVAIf is greater than 1 at the beginning,
drops below 1, and climbs again. SCIV2 A lf drops steadily with time but
remains greater than 1

(2) The variation of the stoichiometry is also shown by Figure 3 (Cr
+ Cd)/Clvis 0.6-0.7 after the first step to become 1.4-1.6 after the third.
The ratio 2s«c. + Cn)/2Al( also rises quickly from 1.16-1.21 in the first
step to about 2 and more in the subsequent ones.

(3) Figure 4 shows that the amount of chlorine, Clv, extracted in the
first step of short contact time is great in comparison with the amounts
extracted in the subsequent steps of much longer duration. In fact, in
less than 1 min., approximately the limit of measurement attainable by
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the technique used, 1 Cl for 2 Ti surface atoms, is removed. A comparison
with Figure 2 shows that in the early moments of (lie reaction, when
chlorine is removed fast, the ratio CIVAIf is greater than 1, i.e., more
chlorine is removed than aluminum fixed. In later stages of the reaction,
CIv/AIf is close to 1. This shows that the removal of chlorine proceeds
the fixation of aluminum.

Discussion

The a-TiClj used is in the form of flat leaflets, more or less hexagonal, as
shown by Figure 5, which is an electron micrograph of a carbon replica.
The general morphology of crystals from various preparations is always
the same; also a photograph published by other workers strongly re-
sembles the one given here.4

The largest faces are formed by the 001 basal planes in which only chlo-
rine atoms lie in the outermost layers (cf. Fig. 6). The diagonal lengt hs of
these crystal faces are in the order of 2 X 104 A. The thickness of the
crystals is always small and may be estimated to be 5 X 102A. from elec-
tron micrographs, which show crystals perpendicularly erected. Assuming
a perfectly hexagonal form the surface ratio of the lateral face to the basal
face may be evaluated to be 5 X 10-2, and the same value represents in
good approximation the ratio of the number of chlorine atoms on the lateral
face to chlorine atoms on the basal face. By using this ratio, the number
of milligram-atoms of chlorine contained in the lateral faces may be cal-
culated. It amounts to 0.10 and 0.12 for experiments 11B18 and RB19
(Table 1). As the values of Clv obtained in the first step of the same
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Fig. 0. Crystal structure of a-TiCU according to Natta et al.23 The shadowed
circles represent the chlorine atoms that are quickly exchanged in the early stage of the
reaction.

experiments, are much greater (0.67 and 0.76), one may assume that the
chlorine extraction measured by Clv is mainly related to the 001 planes.
It is well known that a-TiCl3has a layer structure in which each titanium
layer lies between two chlorine layers, one of which forms the outermost
layer of the crystal. This therefore contains three chlorine atoms for two
titanium atoms in the middle layer. Because the CIVTi3uf. ratio after
the short, initial step is close to 0.5 (i.e.,, one chlorine removed for two
titaniums of the middle layer), it must be concluded that the initial quick
reaction removes one chlorine atom out of three from the outermost layer.
Now, it must be emphasized that, due to the coordination number six of
the titanium and the structure of TiCI3 each chlorine atom of a-TiCla is
connected to two titanium atoms. The chlorine atoms extracted in the
early stage of the reaction between a-TiCh and AlIMe3 may then be posi-
tioned as shown in Figure 6, in which the reactive chlorine atoms are repre-
sented by shadowed circles placed in a regular way for symmetry reasons.

On the other hand, the results presented here confirm perfectly the
earlier propositionlthat the overall reaction must operate by means of a
sequence of consecutive reaction steps; indeed, Figures 2 and 3 show that
the overall stoichiometry changes as a function of time in a very marked
way. Now it is seen from Figure 2 and Table | that the ratio 2CIV2A If
decreases with time, and that the ratio 2(Cr + Cd)/2A1£ increases with
time. The reaction sequence must therefore be: extraction of chlorine
from TiCk, fixation of aluminum from AlMe3in the solid phase, formation
of methane. Because only TiCl3and AlAle3are present, the extraction of
the chlorine atoms from TiCl3 which are recovered as .\K\leZl, must
correspond to the exchange reaction:

TiCI3+ AL(CH33  TiCIjCHj + A1C1(CH,); (1)
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This step is very fast in the early stage of the reaction, one chlorine atom
out of three being removed from the outermost chlorine layer in a very
short time. The product formed at this point may be visualized as on
Figure 6, in which the shadowed circles represent new methyl groups.

It may be worth while to point out that (a) each methyl group is linked
to two titanium atoms on the 001 plane (it is not necessarily true for the
other faces); (b) this reaction affects the whole TiCl3surface, modifying it
in an irreversible way and thus excluding valid comparison between pure
or-TiCU and catalyst surface on the basis, for instance, of adsorption
measurements; (c) the reproducibility of the CIVAh ratio obtained in the
first step excludes the possibility that impurities (e.g., adsorbed TiCh)
play an important role in the reaction.

Finally, the value of the ratio CIVT isurf. at the end of the rapid initial
period must be explained. This value being close to '/2 the reaction may
be written as shown in eqg. (2).

2 Ticfi + A1(CH33— TbCfiCH;, + 7 2[A1C1(CH3)72 ()
I

surf. H
VstAlI(CH s)jls

This expression takes into account the fact that each chlorine atom of
TiCT, is coordinated to two titanium atoms. Substitution of one chlorine
atom by a CH:group will therefore alter the charge distribution of two
titanium atoms. This might render the substitution of a second chlorine
atom more difficult.

A tentative explanation may also be offered in terms of the proposal of
Klemm and Krose5that at not too low temperatures the Ti+3 ions in TiCfi
are in equilibrium with Ti+4and Ti+2:

2 TiC'b, TiCh-TiCl? (3)

One kind of titanium ions may be assumed to be more reactive towards
A1(CH3* than the other, and hence product |I would contain a titanium
halide moiety of low reactivity towards A1(CH33:

Ti,CIECH3— TiCfiCHs-TiCb (4)

111. FIXATION OF ALUMINUM IN THE NONVOLATILE PHASE

The fixation of aluminum was established earlier, and the corresponding
reaction may be written for stoichiometric reasons as follows16
TiCbCH, + AL(CH33— [TIiCI2AI(CH3)4 (5)

This reaction is also supported by the results recently published by Miotto7
and related to experiments of long duration, followed step by step.

1IV. FORMATION OF METHANE

Results

The earlier investigation16 of the reactions leading to the formation oi
methane and the fixation of hydrocarbon groups in the nonvolatile product,
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which will be called surface compound, has led us to propose the following
steps :

[TIChAKCHOd — CH: + [TiCLAIC:Hg )
[TICLAICsHE  CH, + [TiCLAIC:H4 @

in which the formulas in brackets must be taken as empirical formulas.
The experimental results in the literature67 suggest that reaction (7) is not
complete or that side reactions occur.

The experiments presented in this paper were aimed at a better under-
standing of the mechanism by which methane is formed. This question
is important with respect to the nature of the carbon groups in the final
nonvolatile product. Useful information was obtained from reactions
involving AI(CD3s. The distribution of H and D in reagents and volatile
products was established by means of mass spectrometry. The spectra
were analyzed in terms of the cracking patterns of deuterated methanes
obtained by Moher, Dibeler, and Quinn.8

Three reactions were analyzed in which known mixtures of AI(CH3a
and A1(CDj) 3 were reacted with TiCl3 at 65°C. for 20 min. The com-
position of the mixtures and the composition of the methane formed are
given in Table Il.

It is seen at once that the concentration of CH2D2in the gas evolved
during the reaction is very small and comparable to the concentration of
CHD2and CHZD in the reacting AIMe3 One may conclude that no H-D
exchange takes place between the individual methyl groups prior to the

TABLE 11
Reactions with a Mixture of A1(CH33and A1(CD33 Method A.
Reaction 1 Reaction 2 Reaction 3
Composition of AIMe3(molar ratio
of C X 3groups)
ch3 0.525 0.245 0.103
ch?2d 0.006 0.004 0.000
chd?2 0.025 0.053 0.064
CDS 0.447 0.696 0.833
Methane of reaction (molar ratio)
chi4 0.395 0.110 0.033
ch3d 0.129 0.121 0.065
CILIR 0.038 0.045 0.034
CuD, 0.321 0.328 0.280
Cclh)4 0.117 0.396 0.588
Degree of advancement (calen-
lated on methyl groups) <0.20 <0.20 <0.15
CH® + CH:/CHD: + cd4 1.2 0.32 0.11
CH3CD3in AlMe3 1.17 0.35 0.12
CH4CH3D 3.06 0.91 0.51
ClIDa/Clh 2.75 0.S3 0.47
H/D in AlMe3 1.15 0.36 0.14

[dh/d] Mean 2.53 2.41 3.50
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formation of methane. Such exchange would lead to a statistical distribu-
tion in which CH2D and CHD2 groups would be predominant. On re-
action these groups would give an important proportion of CH2D 2

The absence of significant amounts of CHZ 2 moreover, clearly in-
dicates that methane is formed by combination of a saturated methyl
group (CX3 and a hydrogen atom and not from a CX2 CX, or C fragment
possibly present as intermediate or reaction product.

In the lower part of Table Il various ratios are given, which have been
calculated without taking into account the contributions of CH2D and
CHD2groups in CH3 and CHD3formation. The first one is the ratio of
methane formed from Cli3to methane formed from CD3 Its value cor-
responds closely to the ratio CH3C D 3in the starting All\le3 It appears
thus that methane is formed at the same rate whether CH3or CD3are the
parent groups.

The ratios CH4CH®D and CHD3CD 4 when compared in any Qllc of
the three experiments are found to be about equal. This means that for a
given proportion H/D in the reactant mixture, methyl groups, whether
CH3or CD3 add H and D in an approximately constant proportion. The
ratios CH4GH D and CHD3C D 4would be equal to H/D if the addition
of the hydrogen atom were statistical. In fact, a methyl group CH3or
CD3prefers to add H rather than D. This preference may be expressed
in terms of an isotopic constant[oh/d] calculated from the expressions

CHA4CHD = [oHa] (H/D)

and
Cinvei)s. = [aH/D] (H/D)

One may calculate by means of the constants [«h/d] the composition of
methane formed from the parent groups CH2D and CHD2 (Table I11).

Therefore the amount of CHZD 2found in the gas of reaction is doubtless
due to parent mixed alkyls of the type CH2D and CHD2and not to a li-
D exchange prior to reaction.

On the other hand, no isotope effect was found for C 4labeled A1(CH33
whereas a very important effect was found for H3labeled AI(CH33 con-
firming that the determining step of the reaction is the C-H bond rupture.

Some of the conclusions drawn are also confirmed by the following ex-
change experiments. The nonvolatile products of three reactions between
TiCl3and A1(CH33 of different and rather short reaction times are ex-
changed with A1(CD33and the methane formed during and after exchange
isanalyzed (Table 1V).

TABLE 111
Deuterated Methanes Coming from ClLi) and CI IIP Groups Present in AlIMe3

CHjD 0.004 0.003 0.000
CH.Ds 0.020 0.038 0.045
GHL>3 0.007 0.016 0.019
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TABLE I\’
Methane Formed from TiCI3AIMe3 Catalysts during and after Contact with A1(CD3)3

Reaction temp./time 65°C./120 min. 65°C./60 min 65°C./30 min.
Exchange temp./time 20°C./80 min. 20°C./60 min 20°C./80 min.
Methane

CH4 0.035 0.018 0.042

CH3D 0.000 0.000 0.018

CHAT 0.000 0.000 0.000

CHIA 0.895 0.940 0.834

CD, 0.070 0.043 0.107

The absence of CH2D 2and the high proportion of CT))H show that the
only reaction taking place under these conditions is abstraction of H atoms
contained in the surface product, and combination with the CDj groups
either present as exchanged groups in the surface compoundslor belonging
to the excess A1(CD33 The CD4formed may be attributed to a further
reaction of TiCl3with A1(CD33

Discussion

That the formation of methane does not involve “free” radicals was
demonstrated by running the a-TiCI3+ AlAle3reaction in the presence of
CC149 In these experiments, which are similar to those of Eden and Feil-
chenfeld, D who used ethylaluminum compounds, no methyl chloride was
found.

The «-TiClr-ALMe, system is particularly suited for this critical experi-
ment as the absence of a /3-hvdrogen atom must favor the reaction with
CCh rather than hydrogen abstraction from a hydrocarbon group.1l

Our results therefore confirm the conclusions of other workers1012 13 that
the reaction of hydrocarbon formation does not necessarily involve an
actually free-radical mechanism.

An actually free-radical mechanism may probably be involved for re-
actions taking place in solutions,14-18 but it seems highly probable that the
intermediates formed in heterogeneous reactions must be very different
from what is generally understood under the term free radicals. In the
case of the TiCI3AIMe3system studied here, one could consider the meth-
ane formation as due to an intramolecular reaction of the unstable com-
pound [TiCIZAI(CH34].

On the other hand, our experiments show clearly that no H-D exchange
takes place in the course of the reaction, and that methane is formed by a
reaction in which one complete methyl group abstracts one hydrogen atom
from another hydrocarbon group.

Our results reveal an important primary isotope effect corresponding to
a MHAd ratio roughly equal to 2.8 + 0.4. The existence of an isotope
effect proves that a carbon-hydrogen bond is broken in the rate-controlling
step of the reaction. It must also be pointed out that the value found is
considerably smaller than the values obtained for reactions between methyl
radicals and various substances.19D



ZIIXILILI-NATTA CATALYSTS. | 1015

These values of ku/kn lie between 5.2 and 9.9 for reaction at 120°C. and
would be greater at 65°C., the temperature used in our experiments.
Moreover, our value is also smaller than the maximal value of about 5.5
which has been calculated for a reaction giving a linear transition state
with relatively weak C—H bond and assuming that the transmission co-
efficient, the rate of translation across the energy barrier, and the vibrations
other than the C- H vibration involved in the reaction have no influ-
ence.21-23

Unfortunately, as is generally the case for low ku/Zkn values, it is im-
possible to determine to what factor the discrepancy is due.

V. CONCLUSIONS

The results published above confirm our earlier conclusionsland allow us
to refine and complete the general scheme of the reaction [egs. (8)].

2 TiGLi + A1(CH33m ®TUCLCH, + ‘AlAICKCHahh
surf. J' / 1
V.[AL(CH)),]. b + AI1(CH33” V2[A1(CH33I?2
‘/2ZCH4 + ThCUICHfTli/ TioCISAI(CH ,)4
1
4
1
xCH4 + TiXlIsAl|C»Hm| (8)

The initial reaction step is the fast C1-CH3exchange involving one chlorine
atom for every two surface titanium atoms. After that, the exchange re-
action may continue but for reasons of reactivity at much smaller rates.
This reaction certainly takes place on the predominant 001 planes of the
»-TiClj crystals and probably also on the other crystal faces. A different
reaction scheme may, however, apply to the latter.

The existence of reaction ¢ of eq. (8) is proved by the fact that, during
experiments characterized by a short time of contact between TiCl* and
AlMe3 and a long decomposition time of the reaction product, the ratio
CIv/Alf and CH4AIf are greater than in those experiments where AlMe3
is always in contact with the nonvolatile product. Finally, reaction d of
eg. (8) involves the abstraction of one hydrogen atom from a hydrocarbon
group by a complete methyl group. Reaction d goes through a rate-deter-
mining step in which a C-H bond is broken. The comhosition of product
111 depends on reaction time and temperature, so that 111 is represented here
by an empirical formula. A subsequent paper2d gives information on
product I11.

The authors are grateful to Dr. B. Hargitay for stimulating discussions, to Air. C.

Leak for his contribution to the experimental part and to Mr. L. Bultot and Mr. V
Urbain for technical assistance.
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Résumé

La réaction entre a-TiCR et AlMe3 en I'absence de solvant el a 65°C, a été étudiée
par une technique permettant de suivre les premiers moments de réaction. L'étude
permet de proposer un schéma réactionnel en plusieurs étapes, de détailler la premiere
étape, qui consiste en une alkylation ménagée de la surface de o-TiCU, ainsi que de
préciser le méchanisme de la formation du méthane, derniére étape de la réaction.

Zusammenfassung

Die Reaktion zwischen a-TiCL und AlMe3 wurde bei 65°C in Abwesenheit von
Loésungsmitteln untersucht. Eine genaue Messmethode gestattet, Uber den Reak-
tionsverlauf im Anfangsstadium Aussagen zu machen. Die Ergebnisse lassen auf
einen Reaktionsmechanismus schliessen, in welchem der erste Schritt eine partielle
Alkylierung der o-TiCL Oberflache bewirkt. Die Bildung von Methan in der letzten
Reaktionsstufe wird in Einzelheiten besprochen.

Received June 24, 1904
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Studies on Ziegler-Natta Catalysts. Part Il.
Reactions between a or d-TiCl3and AlMe3
AlMe.,Cl, or AIEt3at Various Temperatures

L. A. M. RODRIGUEZ,* H. M. VAN LOOY,t and J. A. GABANT,
Union Carbide European Research Associates, S. A., Brussels, Belgium

Synopsis

The following reactions, carried out in the absence of solvents, has been studied:
a-TiCla + AI(CH,,)s at 20°C., O-TiCU + A1(CH3)3 at 65°C., a-TiCI3 + A1(CH32x1
at 20 and 65°C., and a-TiCI3 + A1(C2H3)3 between 30 and 65°C. It appears that
a general reaction mechanism, such as discussed in the preceding paper of this series,
applies to all these reactions between TiCL and aluminum alkyls. The differ-
ences in overall stoichiometry between some of these systems may be linked to differ-
ences in stability of the intermediate Ti— C bonds. In the case of a-TiCla -f- A1(CH3)2C1,
alkylation is probably accompanied by fixation of the AICHJCL on the nonvolatile

product.

I. INTRODUCTION

Part | of this series of paperslconcerned the reaction between <*TiCI3
and AI(CH:i)8 run at 65°C. In this paper results on three related catalyst
systems are presented: a-TiCI3 and A1(CH33 at 20°C., /3-TiCI3 and
Al(CH33at 60°C. and a-TiCls and Al.MeXZl at 20 and 60°C. Some re-
sults and comments on the reaction between a-TiCl3 and AIEt3 are also

given.

Il. EXPERIMENTAL

The general experimental technique, called method A, has been described
earlier.2 In some cases the initial period of the reaction has been followed
by the more elaborate method B.1 The preparation of most of the reagents
has been described.2 A1CI(CH32 was obtained by heating A1(CH33 and
A1CI3 the latter being in small excess over the stoichiometric quantity, in
a sealed tube at 60°C. The product was freed from AICbCTB by complex
formation with XacCl.

* Present address: UCB Pharmaceutical Division, 6N, rue Berkendael, Brussels,

Belgium.
f Present address: Institut Francais du Pétrole, Rueil-Vlalmaison, S. et O., France.
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I1l. REACTION BETWEEN «-TiCh AND A1(CHss AT 20°C.

Two reactions were run at 20°C. in the absence of any solvent and fol-
lowed by method A. The temperature was kept at 20°C. in all steps
except the last of the second run (65°C.). The results are summarized in
Table I.

TABLE 1
Reaction of a-TiCf, + A1(CH3)3 20°C., Method A

RB4 RB13

Step 1 Step 1 Step 2 Step 3 Step 4
Step temperature, °C. 20 20 20 20 65
Surface ct-TiClj, m.s 243 172
Tisulf. 2.37 1.68
Curf. 3.55 2.52
Partial reaction time,

sec. 1140 1200 1200 5400 1200

Total time, sec. 1140 1200 2400 7800 9000
Civ 1.08 0.784 0.181 0.091 0.155
Clv/Alf 1.96 1.56 112 (2.5) 0.97
2CL/2A1, 1.96 1.56 1.46 (1.51) 141
(Cr -1- Cd)/IC1lv 0.65 0.89 1.3 2.0 1.8
2(Cr + CR)I2AIf 1.28 1.38 1.44 (1.60) 1.64
Clv/Ti8utf. 0.46 0.47 0.11 0.05 0.09
2CINT w,. 0.46 0.47 0.57 0.63 0.72

The symbols in Table | have been defined in the preceding paper.l The
values in parentheses appear to be too high, probably because of experi-
mental error.

It is clear that the reaction at 20°C. presents the same general features
as the reaction at 65°C.:" decrease of the CIVAIf and 2CIV/2AIf ratios,
increase of the (CR + Cd)/Clv and 2(Cr + Cd)/2AL ratios. It follows
that the general reaction scheme applies to both temperatures. More
particularly, it may be seen from the results of experiments RB13 and RB4
that chlorine is removed rapidly even at 20°C. until a CIv/Tisurf. ratio of
approximately 0.5 is reached. This is compatible with our conclusion that
the first step in the reaction sequence is a fast exchange reaction between
TiCl,andAI(CH))i.

IV. REACTION BETWEEN O0-TiCL AND A1[CHS, AT 65°C.

The (S-TiClj was prepared by reaction between TiC'h and H2in a silent
discharge according to the method of Gutmann, Nowotny, and Ofner,3in
which the gaseous ratio of TiC'L and H> is adjusted to give TiCU and not
TiCL. The brown product obtained has a large specific surface (~ 155
m.2g.). Its general morphology cannot be observed even by electron
microscopy. The electron micrographs show only a very fine powder
without structure (cf. also Korotkov and Li4).
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Fig. 1. (&) Stereochemical model of the stack which characterizes the ~-modification
of TiCh according to Natta et al.5 (b) Top view of a face perpendicular to the c axis,
showing 1he structure of the most probable faces parallel to the c axis.

The crystalline structure of /3-TiCU was studied by Natta and co-
workers,56 and their results were confirmed by Cras7 working on better
crystallized samples.

d-TiCh has a fiber-shaped structure. TiCl3units are piled up in stacks
parallel to the main axis ¢ of the crystal The titanium atoms situated
along the c axis are octahedrically coordinated to six chlorine atoms be-
longing to the same stack. The stacks are linked only by van der Waals
forces acting between chlorine atoms of neighboring rows. It seems reason-
able, therefore, that the crystal grows mainly along the ¢ axis using the
coordination energy and that the faces parallel to the ¢ axis are more devel-
oped than the faces perpendicular to the same axis. Our discussion is based
on the assumption that the faces perpendicular to the c axis give a negligible
contribution to the total surface.

Now, it may be seen from Figure 1that for any crystal face parallel to the
c axis the distance between the titanium atoms is 2.91 A. along the c axis and
6.27 A. in the direction perpendicular to the axis.

Therefore, whatever the face considered and provided that every titanium
atom is bound to three chlorine atoms, the external surface corresponding to
one titanium atom may be evaluated at 18.25 A.2
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TABLE 11
Reaction of 0-TiCU + A1(CH3)3 65°C., Method B

R.B24

Step 1 Step 2 Step 3
Step temperature, °C. 65 65 65
Surface /3-TiCL, m.s 195
Tlsurf. 1, 77
Partial reaction time, sec. 63 294 903
Total time, sec. 63 357 1260
Clv 0.938 0.427 0.525
CIv/AIf 1.19 1.18 1.29
ZCIv/: Alf 1.19 1.19 1.22
(o r + Cd)/Clv 1.13 1.55 100
2(Cr + Cd)/ZA1, 1.34 1.50 1.45
CL/Tisuf. 0.53 0.24 0.30
ZCL/Tisurf. 0.53 0.77 1.07

As in the case of the a-TiCI3 the volatile compounds after reaction con-
tain only methane, chlorodimethylalurninum and an excess of trimethyl-
aluminum. Because the values of CIVVAIf and 2 (Cr + CD)/2Alfare of the
same order in both cases, the same general reaction scheme may be ap-
plied.12

However, in contrast to the a-TiCL + A1(CH33reaction, no significant
variation of the ratio CIVA Ifis observed as a function of time. Neverthe-
less it is highly probable in the case of the /3-TiCl3too, the reaction takes
place by a multi-step sequence in which the first step is the exchange (alky-
lating) reaction followed by the fixation of trimethylaluminum on the alky-
lated site. This view is supported by the fractional value of the ratios
CIV/AIf observed which could be hardly explained by another mechanism.

Just as for a-TiCl3 a very rapid extraction of chlorine takes place with
/3-TiCI3in the first moments of the reaction, and this fast exchange reaction
affects again one chlorine atom for two titanium atoms close to the surface
(CIV/T isurf. ratio = 0.50).

The explanation given for the a-TiCl3systems also applied here since
every chlorine atom in the surface may be considered as belonging to two
titanium atoms.

V. REACTION BETWEEN «TiCls AND A1(CHs),Cl AT 20 AND 65°C.

The results of two experiments are summarized in Table I11.

An important characteristic of these reactions is that the CI/Al ratios are
exactly the same in the A1(CH32ZCl reactant and the volatile aluminum
compound recovered after the reactions, even when the amount of A1(CH32
Cl is small in comparison to the chlorine present on the a-TiCl3surface.
However, the reaction may not be described as a chemisorption. In fact,
methane and higher hydrocarbons are formed in comparatively high quanti-
ties, and the infrared spectra of /3-TiCI3 + A1(CH32ZXCl systems show the
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TABLE 11l
Reaction between a-TiGlg and A1(CH32C1, Method A

RB6 RBI17
Step 1 Step 1 Step 2 Step 3
Step temperature, °C. 20 65 05 05
Surface a-TiCL, m.2 210 105
Tisurt 2.06 1.02
Partial reaction time, sec. 1800 1800 3000 5400
Total reaction time, sec. 1800 1800 5400 10800
A1(CH3)C1 fixed, mg. atom 0.78 0.33 0.00 0.0s
2A1(CH3)2C1 fixed, mg.-atom 0.78 0.33 0.39 0.47
A1(CH3)C1 fixed/Tw,. 0.37 0.32 0.00 0.08
2A1(CH3)X1 fixed/Tislirf. 0.37 0.32 0.38 0.46
(CR + CD), mmole
ch4 0.078
C.,(n>1) 0.104

presence of ALCH3X128 Moreover, the volatile products of the reaction
contain small amounts of TiChCH:,, especially when the reaction is carried
out at low temperature and stopped cpiickly. This compound is easily
recognized because of its strong color. It is known that methane, ethane,
and higher hydrocarbons are formed in considerable amounts during the
decomposition of pure TiCI3TH3in solution9and also during the decomposi-
tion of a mixture of TiCIZLH3and trimethyl- or chlorodimethylaluminumD
between 20 and 65°C  These facts lead one to assume that the first step in
the reaction is a rapid exchange of Cl for CH3

The TiCIXH3formed partially decomposes, giving methane and higher
hydrocarbons. The other product of the reaction, AICH312 would be
strongly associated with T1C13and might not be recovered by evaporation
under vacuum. Such an effect is highly probable since Ziegler and co-
workers have described several strongly associated products obtained from
inorganic salts and chlorine containing aluminum compounds 11,12

The proposed reaction scheme is as given in egs. (1)—4):

2TiClta.rr.co + AI(CH,)jCl — TLCcLCfb + AIGILCL (1)

TioCLCHj  TiCL-TiCLCEL )

TiCLCHs -*m decomposition products (CH., + higher hydrocarbons + TiCL) (3)
TicL + AICH:Cl. —mnonvolatile complex (4)

The formation of TiCIZTH3tends to support the internal redox reaction 13
2Ti+3 N Tis2 4. T 44

on the basis of which we gave already a tentative explanation for the Clv/
Tisurf. ratios of 0.5 observed in the fast exchange reaction between TiCl3and
AKCHSsV

That the formation of TiCIZH3could be due to TiCL,, present as an im-
purity, is hard to believe since the values of the ratios CIV/T i 34f. of the rapid
first exchange reaction are reproducible.
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Comparison of the value of (Cr + Co), taking into account the presence
of hydrocarbons higher than methane, and the amount of A1(CH32ZC1 used
shows that reaction (3) is incomplete and leaves on the surface some
Ti—CH3bonds.

VI. REACTION BETWEEN «T1CIl, AND AI(C,H¢ 3

The reaction was followed by means of method A, however slightly
modified because of tire low vapor pressure of A1(CH53as compared with
that of A1(CH33 In order to recover the volatile products of the reaction it
appeared necessary to increase the temperature; 85°C. was found satis-
factory. The most important results are summarized in Table IV.

TABLE 1V
Reaction between «-TiCl3and A1(CH 53 at. Various Temperatures, Method A

Reaction Reaction Reaction Reaction
112 106 105 103
Reaction temp., °C. 30 35 65 65
Reaction time, min. 11200 5590 60 135
Recovery temp., °C. 85 85 85 85
Recovery time, min. 120 ISO 180 ~120
CU/AIf 3.12 2.05 1.00 0.90
(Ci - Cw)/AIf 4.86 4.30 4.09 3.22
(CR+ CD)/(C, - Cv) 0.50 0.50 0.41 0.37
Cn/Alf 0.90 0.81 1.17 0.77
Volatile phase
CIl/AI 0.75 0.98 1(H) 0.87
CALI/AI 2.26 2.02 2,50 2.32

The symbols appearing in Table 1V are defined as follows: Cj denotes the
number of millimoles of C2H5in the reactant A1(C2H53; Cvis the number of
millimoles of CA15in the volatile aluminum compounds recovered after the
reaction; Cr + Co is the number of millimoles of hydrocarbon formed dur-
ing the reaction and recovery period; Ch is the number of millimoles of
hydrocarbon formed on hydrolysis of the nonvolatile reaction product.
Unfortunately, the surface of the a-TiCl3 samples was not measured.
Neither were the hydrocarbon mixtures Cr, Cd, and CH quantitatively
analyzed. It was proved that no ethylene was present in the gases cr and
Cd, which were essentially ethane. However, the presence of traces of
polyethylene in the nonvolatile phase after hydrolysis points to the forma-
tion of ethylene in the reaction. C; and Cvwere recovered as pure ethane
on hydrolysis of the aluminum compounds. It may be concluded from
Table 1V that the aluminum alkyls present in the volatile phase after reac-
tion consist of practically pure A1C1(CH52 all of the initially added Al-
(CTDs having reacted. That no AICIZH5 is recovered does not mean
that this compound is not formed. It may be absent for various reasons:
too low vapor pressure to be recovered by pumping, strong adsorption on
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the TiCU surface, or disproportionation into AICIEt2and A1C13at 85°C. in
vacuum.

The formation of ALC1(CHGE)2and the values of the CIVAh ratios much
greater than one suggest strongly that a mechanism similar to that pro-
posedlfor A1(CH3sis operating.

2TICW. + AL(CHHS53-1 TiXIECHE+ y2[AICI(CHE2R
|
1U fc (5)

VslAliCjHsJjls decomposition products

It is highly probable that product I is unstable between 20 and 85°C. and
that the decomposition step c of eq. (5) follows the mechanism proposed by
de Vries for TiCIXH69

TiCh-ACHi—CH3
ot
f E— 1 — 2TiCI3+ CH6+ C2H4 (6)

TiCl3j-CH2—-CH3

Step c of reaction (5) seems to be important at low temperature, but at
65°C. the fixation of aluminum appears to be predominant. Indeed the
ratio CIV/AIf decreases from 3.12 to about 1 when the reaction temperature
increases from 20 to 65°C. Therefore the following reaction must occur:

TIiZIECHYy
di + AL(CH5)3— >A AlCvU.):<b )
TiXISAI(C2H5)4
1

Product Il decomposes, giving ethane for nearly half of the ethyl groups
involved in the reaction J(Ca + CD)/(CrCv)~ 0.5].

The difference in stoichiometry between the a-TiCI3AI(CH33and the
a-TiCI3AI(CH6)3 systems may be easily explained on the basis of the
decomposition rate of the Ti—C bond, which is much greater for Ti—CZH6
than for Ti— CH3

In the o;-TiCI3BAI(CH3)3system step c of eq. (5) is slow 9and a reaction
similar to step d of eq. (7) takes place for practically all the methyltitaniuna
sites previously formed. It follows that the ratios CIVVAIfand (Cr Cv)/Alf
for reactions of long duration will be always close to 1 and 42 With Al-
(CHB)3on the contrary, the relative rates of steps ¢ and d will be variable
and will depend strongly on the reaction conditions (concentration, tem-
perature, etc.) giving different CIVAIf and (Ci-C\)/A If ratios, as shown in
Table IV.

Another consequence of this situation is the following. With A1(CH33
the alkylated sites formed in reaction a react almost completely according to
reaction (7) so that the sites become covered. A further reaction on the
titanium chloride substrate then becomes impossible and the reaction is
stopped, giving A1C1(CH3? and leaving an excess of A1(CH33 On the



1924 1. A. M. RODRIGUEZ, II. M. VAX 1,004. AND 1 A. GABAXT

contrary, with A1(CH6)3the decomposition reaction of the Ti-CH5bonds
formed leaves a clean titanium chloride surface which undergoes further
alkylation.

With a given quantity of TiCls more AI(CH®§iwill react than AI(CHSs):i,
and the reduction of titanium will also be more extensive in the former
case ¥

Also, the composition of the surface compound will depend more strongly
on the conditions of preparation. For instance, at low Al/Ti ratios in the
reactant mixture, the conversion of A1(CH53may be complete and the
clean titanium chloride surface regenerated by the decomposition of the
unstable Ti—C bonds may now be attacked by A1C1(CH5> formed in the
alkylation reaction.

Finally it is worthwhile to point out that the decomposition of the Ti—
C2H5bonds results in the formation of chlorine vacancies on the surface. It
has been shownl6®6and it has been postulated17=D that the accessibility of
titanium atoms, brought about by such vacancies, is a necessary condition
for obtaining an active polymerization site.

One may therefore assume that those alkylating reactants which form
unstable Ti—C bonds produce active sites of different kinds, and therefore,
of different activities and different stercospecificity. The results and con-
clusions exposed above are difficult to reconcile with the mechanism pro-
posed by Eden and Feilchenfeld 2L According to these authors, the first
step in the reaction between TiCh and AlI(C2H53may be represented as
shown in eq. (8).

C.H, cl C.H; C'H,
1 I\ \
TiCl,, + Al—C2, — TiCl,_i Al. ..CH5— TiCl,_,«CI— Al + C,lh
1 \ /
c2h , c-.Hr, ¢ 2th -
in
Now product 111 is supposed to undergo an internal rearrangement and the
final eatalytically active compound would be 1V:
cl CJb
I\
Cl,_-Ti Al
\
cl
v

This mechanism is unable to explain our stoichiometric results, especially
the ratios CIVAIf and the ratios (CrCv)/Alf found. If the Eden and
Feilchenfeld mechanism were valid, the ratios CI/Ah would be equal to 0
and the ratios (Ci-Cv)/Alfwould be equal to 3. We found for similar con-
ditions (room temperature and high Al/Ti ratio), respectively, 3.12 and 4.68
at 30°C. and 2.05 and 4.30 at 35°C.

Our results show also that the alkylating reaction takes place even at low
temperature and seems to be very rapid. Therefore the concept of adsorp-
tion of the alkylaluminum on the TiCls surface is inadequate to describe the
actual situation 273
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VII. CONCLUSIONS

The reactions between a- or /3-TiCI3 and trialkylaluniinum such as Al-
(CHj)j and A1(C>H93seem to obey the following general mechanism: (1) a
rapid exchange reaction in which one chlorine atom for every two titanium
atoms in the surface of TiCl3is replaced by an alkyl group from A1R3; (2)
the titaniumalkyl compound either decomposes or adds a trialkylaluniinum
molecule and gives a product of general formula TiZI5AIR4; (3) this prod-
uct is unstable and decomposes, giving hydrocarbons and a nonvolatile
surface product.

The comparison between the experiments with A1(CH33and those with
A1(CH5H3shows that the decomposition of the Ti—C bond is relatively more
rapid to the addition of aluminumalkyl with Al(C»Ho)3than with A1(CH33

Finally, this addition reaction is relatively more rapid to the exchange
reaction with /3-TiCI3than with a-TiCI3

In the case of A1(CH32C1 the results obtained indicate that, after a first
exchange reaction, the dichloromethylaluminum formed is adsorbed on the
TiCl3surface shielding it for further reaction.

The authors are grateful to Dr. B. Hargitay for stimulating discussions, to Mr. C.
Leuk for his contribution to the experimental part, and to Mr. L. Bultot and Mr. V.

Urbain for technical assistance.
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Résumé

Les réactions suivantes ont été étudiées en absence de solvant: a-TiCL + A1(CH?3)3
a 20°C, /3-TiCla + A1(CHJ33a 65°C, <*TiCI3 + A1C1(CH32a 20 et 65°C et «-TiCI3 +
A1(C2H3)3 entre 30 et 65°C. Les réactions entre TiC I3 et trialkylaluminum peuvent
étre représentées par un schéma unique, les divergences s’expliquant par les différences
de stabilité des liaisons Ti-CH3et Ti-Cd L. Ce schéma est celui déja proposé pour la
réaction a-TiCl3 + A1(CH3)3a 65°C. Dans le cas du systeme <*TiCI3 + A1C1(CH3)2
il est montré que la réaction consiste en une alkylation de la surface de TiCl3probable-
ment avec fixation du A1CIZ H3formé.

Zusammenfassung

Folgende Reaktionen wurden in Abwesenheit von Lésungsmittel untersucht a-TiCI3
+ A1(CH?33bei 20°C, B-TiCh + A1(CH3)3bei 65°C, «-TiCI3+ A1(CH32Cl bei 20 und
Go6°C. und or-TiCls + A1(C2H53 zwischen 30 und 65°C. Fur diese Reaktionen gilt
ein allgemeines Reaktionsschema das in der vorgehender Arbeit ausfuhrlich entwickelt
wurde. Unterschiede in der Gesammtstoechiometrie zwischen den verschiedenen
Systemen werden auf Unterschiede der Stabilitat der intermediaren Ti— C Bindungen
zuruckgefuhrt. Im Falle der Reaktion «-TiCI3 + A1(CH321 muss wahrscheinlich
eine Fixierung von A1CH3C12 im festen Reaktionsprodukt, in Betrachtung genommen

werden.

Received June 24, 1964
Prod. No. 4819A
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Studies on Ziegler-Natta Catalysts. Part IIlI.
Composition of the Nonvolatile Product of the
Reaction between Titanium Trichloride and
Trimethylaluminum or Dimethylaluminum
Chloride

H. M. VAN LOOY,* L A. M. RODRIGUEZ,! and J. A. GABANT,
Union Carbide European Research Associates, S. A., Brussels, Belgium

Synopsis

The surface product formed in the reaction between TiCI3 and A1(CH?3)3 has been
studied. Stoichiometric data, CH3C D 3 exchange, and infrared spectra permit, the
conclusion that the surface product is essentially a compound having the formula

Cl CH3

/ \ /
TiCh-Ti Al

AN \
Cl ch3

A model structure is proposed for this compound, valid for the 001 face of a-TiCl3
In it the titanium and chlorine atoms maintain the positions which they occupy in the
a-TiCl, lattice. One of the methyl groups protrudes from the surface whereas the
other occupies the chlorine vacancy created during the reaction in the chlorine surface
layer. A different sterism of the methyl groups is compatible with the experimental
result that half of the methyl groups are very easily exchanged whereas the other half
are not touched by the exchanging agent. According to this model it has to be assumed
that the titanium atoms in the 001 plane, by far the largest face of the a-TiCl3crystal,
are not accessible. A similar model, leading to equivalence conclusions is proposed for
0-TiCls. The infrared spectraof A1(CH,)3 A1(CD,),, A1C1(CH,),, A1C1(CD,)., A1ICLCH3
AICLCDn, TiCUCHa, TiCUCDa, Hg(CD3)2, and Zn(CD3)2 are discussed. Spectra of
surface products formed on interaction of some of these compounds with TiCI3 are
given.

I. INTRODUCTION

In parts | and Il of this series it was shown that a general mechanism
applies to the reactions between TiCh and aluminum alkyls. In a first fast
reaction step chlorine atoms in the surface are exchanged for alkyl groups.
Consecutively, the alkylated surface reacts with aluminum alkyl, giving an
alkane and a nonvolatile surface product. The elemental composition of

* Present address: Institut Francais du Pétrole, Rueil-Malmaison, S. et O., France.
t Present address: UCB Pharmaceutical Division, 68, rue Berkendael, Brussels,

1927

Belgium.
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this surface product, though depending on reaction conditions, may be
fixed between rather narrow limits. Because the TiCIl3 surface becomes
catalytically active in olefin polymerization after reaction with aluminum
alkyl, all information on the chemical species contained in the surface prod-
uct is highly desirable. This paper brings such information based on
stoichiometric data, CH3C D 3exchange, and infrared spectra.

Il. MATERIALS

The preparation of most of the reagents has already been described.1-3
AlMeCL was prepared by heating Ali\fe3with an excess of A1C13in a sealed
tube at 60°C. The product sublimes easily under gentle heating in vacuum
forming nice large crystals.

Zn(CD32was prepared by heating Hg(CD32with an excess of zinc in a
sealed tube. TiClaMe was prepared by reaction under vacuum of TiCh
with ZnMe2in paraffin oil. A small excess of ZnAle2over the stoichiometric
ratio Zn/Ti = 0.5was used. The product of reaction was freed from TiCl2
Me2by distillation.

Il. STOICHIOMETRIC STUDIES

The composition of the nonvolatile surface product formed in the reaction
between a-TiCl3 and A1(CH33 has already been discussed.1 It was con-
cluded that the surface product contained aluminum, carbon, and hydrogen
in a ratio close to 1:2:4.

No simple meaningful structural formula could be given for the surface
product. It was proved that approximately half of the carbon contained in
it was present as methyl groups and the remaining part as hydrocarbon
fragments, such as C, CH, CH2 and CH3groups and also species having
C-C links, the average composition of which was CH by difference. These
poorly definable species are formed in a complicated reaction in which
methane is produced from a methyl group and a hydrogen atom belonging
to a hydrocarbon fragment (CH3 CH2 CH) present in the surface.2 The
nature and the amounts of the various products depend on reaction con-
ditions, mainly temperature and reaction time.

Since all of the experiments that will be presented in this paper, which
were aimed at elucidating the composition and structure of the surface
product, were performed under mild conditions, i.e., at temperatures at or
below 65°C., it seems more correct to limit the stoichiometric data to those
earlier experiments that were run at 65°C. These results are summarized
in Table I. The experimental procedure called method A, has been
described.1

The symbols used in Table | are defined as follows: Clvis the number of
milligram-atoms of chlorine found in the volatile aluminum compounds at
the end of the reaction; Afi is the number of milligram-atoms of aluminum
fixed in the nonvolatile product at the end of the reaction. CrCv is the
difference, expressed in milligram-atoms, between the carbon contained in



ZIEGLER-NATTA CATALYSTS. 1ll 1929

TABLE 1
Stoichiometry of the Reaction between a-TiCl3and A1(CH3)3

Run Mean
Run 101 Run 99 Run 120 Run 122 Run 96 RAS5 values

Reaction time, min. 120 120 120 120 150 300
Reaction temp., °C. 65 65 65 65 65 65
Decomposition

time, min. 60 120 120 6000 4000 60
Decomposition

temp., °C. 65 65 65 65 20 65
CL/AIf 0.98 1.04 0.97 1.18 1.05 1.12 1.0
(C: - C,)IAIf 4.0 4.0 4.0 4.2 4.0 4.1 4.0"
(Cr + Cd)/AL, 1.72 1.59 171 1.94 1.72 1.61 1.70
Ct/Alf 2.27 2.09 2.30 1.59 2.29 1.72 2.05
CDth/Ci, 0.805 0.758

the sample of A1(CH33, which is put in reaction, and that contained in the
volatile aluminum compounds at the end of the reaction. (This quantity
represents the carbon which has reacted and is either fixed in the non-
volatile product or set free as methane.) CK+ CDis the number of milli-
moles of methane formed in the course of the reaction from time zero to the
end of the reaction; CAis the number of milligram-atoms of carbon re-
covered as methane on hydrolysis, with HD or LM). of the nonvolatile prod-
uct, at the end of the reaction; CDH3is the number of millimoles of CDH3
found on hydrolysis with D2 of the nonvolatile product.

The ratio Al :C :H derived from the mean values of Table | becomes now
1:2. 3:5. 2, and the overall reaction, discussed in Part | of this series,2can
be written as follows :

2TiCI&If. + [AL(CH3)32— */«[AI(CH,JIiCl], + 1.7 CfL + TiXIAIC23H52 (1)

Defining as the carbon which is not recovered on hydrolysis, the
surface product may be represented by:

Ti2CI5AI[C/,]2.05[CTHI0.5H 52

The ratio Ti/Al = 2/1 applies strictly only to the initial period of the reac-
tion during which a quick removal of one chlorine atom for two titanium
atoms in the surface is followed by the fixation of one aluminum atom. A
further slow chlorine removal, accompanied by fixation of aluminum, takes
place tending to decrease the ratio Ti/Al as the reaction goes on. The
formula given above is therefore a good approximation only when the reac-
tion time does not exceed a few hours. It should also be kept in mind that
it applies to reactions run at temperatures not exceeding 65°C. At higher
temperatures more methane is produced in the reaction, and the C/H ratio
of the nonvolatile product is lowered appreciably.

A similar composition of the surface product was obtained by Miotto,4
who used multistep reactions and long total reaction times to establish the
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stoichiometry. The ratio A1:C:H = 1:2. 5:6 given by this author differs
nevertheless only slightly from our value.

IV. EXCHANGE STUDIES

It has already been shownlthat 45% of the hydrolyzable carbon may be
exchanged for CD3when A1(CD33is added to the nonvolatile product of the
reaction between TiCls and A1(CH33 This exchange reaction was used in
order to obtain more information concerning the carbon-containing groups
present in the surface product.

The nonvolatile product from a TiCI3AI(CH 33reaction was exchanged
twice with an excess of A1(CD33and divided into two parts of which one
was hydrolyzed with HD and the other with D2D. The molar composition
of the methane of hydrolysis is given in Table II.

TABLE 11
Composition of the Methane Obtained on Hydrolysis of an Exchanged Reaction Product*

Methane of hydrolysis h 2o DD
cd4 0.010 0.442
CHD3 0.448 0.029
CH2D, 0.010 0.065
ch3d 0.033 0.442
ch4 0.498 0.021

“ Reaction temperature and time, 65°C./60 min.; decomposition temperature and
time, 65°C./160 min.; exchange temperature and time, 20°C./30 min.

Assuming that a CDs group gives CHD 3on hydrolysis with HD and that
a CH3group gives CH3®D on hydrolysis with D2, one sees that 45% of the
hydrolyzed carbon was present as exchangeable methyl groups and 44% as
nonexchangeable groups. The surface product contains as many exchange-
able methyl groups as nonexchangeable methyl groups. The proportion of
CHiin the HD hydrolysis is somewhat larger than that of nonexchangeable
CH3groups. The difference can be attributed to the presence of CH2 CH,
and C groups in the reaction product, all of which give CH4on hydrolysis
with HD. It seems safe to assume that an exchangeable CH3group of the
surface compound gives only CH®D on hydrolysis with D2, as does CH3in
A1(CH33 These have to be thought of as linked to Al in view of the great
facility with which aluminum alkyls exchange alkyl groups. The infrared
spectrum of the surface compound shows in fact that exchangeable and also
nonexchangeable methyl groups are mainly or exclusively linked to alu-
minum. This makes the proposed mechanism of hydrolysis applicable to
both kinds of groups.

The mixture of trimethyl aluminum recovered after exchange never con-
tains more than 2-10% CI with respect to Al fixed in the surface product.
This means that the surface product has no exchangeable chlorine. It is
probable that a further unimportant reaction takes place between TiCl3and
A1(CD33 releasing Cl from the TiCI3
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V. INFRARED SPECTROSCOPIC INVESTIGATION
OF THE SURFACE PRODUCTS

Apparatus

The cells used throughout this work are of the type depicted on Figure 1
The cell body is made of Pyrex glass and carries a number of breakscals
allowing successive manipulations on the vacuum line. The cell is melted
off and transferred to the spectrometer when a spectrum is wanted. The
windows, 2.5 cm. in diameter, are glued on with Ciba Araldite Adhesive
103. NaCl, KBr, and Irtran (Kodak) were used as window materials.
After completion of the experiment the windows can be removed by dipping
the cell in chloroform. A Perkin-Elmer Model 21 double-beam instrument
calibrated in wavelengths was used.

tvacuum

Method

Spectra of the Organometallic Compounds

Small amounts of volatile compounds were distilled into one of the small
bulbs. The cell was put in front of the entrance slit of the spectrophotom-
eter in such away that contact of the liquid with the windows was avoided.
The cell path was chosen empirically, depending on the vapor pressure of
the compound so as to give convenient band intensities.

Spectra were also taken of the nonvolatile methylaluminum dichloride.
Crystals were introduced into the cell under vacuum. The cell attach-
ments were made very small in order to permit heating of the complete cell
to about (55°C. There was always some condensation on the window
leading to strong deterioration of the NaCl when this was used as window
material.
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Spectra of the Surface Products

a-TiCls Systems. The cell is provided with a sealed-in tungsten filament
for the preparation of a-TiClI3in situ. A mixture of TiCU vapor and hy-
drogen is admitted and the filament is brought to glow intermittently.
The windows are about 2.5 cm. apart and are cooled with an air stream
in order to avoid cracking under thermal stress. A film of purple a-TiCI3
is obtained, covering the windows and the cell wall. This film is reacted
with (he vapor of the aluminum alkyl. Spectra are always taken after
removal of all volatile material.

b-TiCh Systems. In these experiments cells with a path length of
1-1.2 cm. are used. Aluminum foil is applied to the windows serving as
electrodes for a high voltage-high frequency discharge. A mixture of
TiCh vapor and hydrogen is admitted. The windows are cooled by an
air stream, and the discharge is turned on and off for short periods of time
(a few seconds). A brown film deposits on the window and on the cell
wall. The reaction is stopped when the windows appear opaque in strong
light. It is worth mentioning that the windows do not undergo damage
during the preparation of the TiCI3films.

TiCh Systems. In these experiments a cell provided with two inlets
isused. Two nitrogen streams, one carrying TiCU and the other A1(CH33
merge in the cell. The whole apparatus is mounted in front of the spec-
trophotometer.

The spectrum of the solid reaction product which deposits in the cell
is taken at various time intervals and varying flow ratios of the reactants.

Results

Spectra of the Reagents

Titanium Trichloride. Two weak, broad bands are found at 23.3 and
24.8 u (Fig. 4). Depending on the thickness of the layer and also on the
quality of the surface of the windows, scattering occurs up to about 5 /*

Organometallic Compounds. In the course of this work the spectra
were taken over the range of 2-25 n for A1(CH33 A1(CH32C1, A1(CD33
Al(CD321, Hg(CD32 Zn(CD3, (Fig. 2), TiCIXH3 and TiCIX D3 (Fig.
3) ; and over the range at 2-15 nfor ALGH312and A1CD312.

The spectra of the methylaluminum compounds have been interpreted by
Hoffmann6 and more recently by Gray,6 who included the deutero com-
pounds. We prefer the assignments of Gray, given in Table 111, because
the interpretation of the spectra of the surface products is more satisfactory
on this basis. It may be recalled that the methylaluminum compounds are
dimeric and that chlorine occupies the bridge positions in the chloro deriva-
tives.

Trimethylaluminum. Our spectra of AI(CD33 and of catalyst TiCl3
AUG1 are somewhat difficult to reconcile with Gray’s interpretation
as far as the methyl deformation bands are concerned.
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Asymmetric methyl deformation, symmetric bridge-methyl deformation
and symmetric outer methyl deformation occur at 6.92, 8, and 8.3 n,
respectively, in AL(CH33 Gray assigns these fundamentals in A1(CD33to
hands lying at 8.75, 9.65, and 10.48 p. The shifts vh/vd observed are:

Fig. 2. Spectra of organometallic compounds taken in the vapor phase.
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1.26, 1.21, mid 1.27. The first of these seems low for the asymmetric
methyl deformation. The change in dipole moment in a molecule CH3X
induced by the asymmetric deformation is not in the direction of the bond
C —X. X will therefore not much influence the frequency, and an isotope
shift close to 1.41 for the pure H-D effect may be expected. The value
found in the systems CH3C1/CDXI, CHBr/CD®Br, and CH3/CD3J is
1.38.7 We find avalue 1.33 in Hg(CH32Hg(CD32and 143 in Zn(CH32
Zn(CD32 A shift of 1.21 seems also small for the symmetric bridge methyl
deformation whereas 1.27 for the outer methyl deformation appears to be in
the right order of magnitude. The symmetric methyl deformation shows
shifts of 1.29 in Hg(CH32Hg(CD32 1.28 in Zn(CH32Zn(CD32 and 1.32
in CHX1/CD3X1, CH®Br/CD3r, and CH3/CD 3.

Our spectrum of A1(CD33differs from that of Gray in this region. The
8.75 juband is absent, the 9.65 ix band is weak, and the 10.45 band is very
strong. We find it better to ascribe asymmetric methyl deformation to
9.65 ju(ch/ co = 1.395) and to consider the 10.45 ixband as due to symmetric
deformation. This band then contains both kinds of methyl groups, bridge
and outer methyls.

Further evidence for this assignment is the presence of the 9.65 ixband in
A1(CD32C1. Ifit has to do with the methyl bridges it should not be present
in this spectrum.

This question will be discussed further when the catalyst spectra are con-
sidered. It should be noted here that in some spectra of A1(CD33we ob-
served aweak shoulder to the 10.45 band at 10.65 ixand a weak band at 16 K&
which is not observed by Gray.

Association of A1(CD33 The comparison of the spectra of A1(CH33
and A1(CD33in the methyl deformation region reveals differences that
could be readily explained assuming that A1(CD33is monomeric. Indeed,
in A1(CH3sthe symmetric methyl deformation gives two bands, 8 xfor the
bridge methyl and 8.3 ixfor the outer methyl, with a relative intensity of 1
to 2. A1(CD33has only one strong band in the corresponding region at
10.45 ix The 9.65 Aband, which we consider to be due to the asymmetric
deformation, is weak and not comparable in intensity with the 10.45 band.

It seemed, therefore, worthwhile to study the cryoscopic behavior of
A1(CD33 Benzene was used as solvent.  Prior to use it was distilled from
Alldt:; and only the middle fraction was taken. The cell provided with a
Beckmann thermometer and a magnetic stirrer was connected to a vacuum

TABLE 1V
Association Factors for A1(CD3)3in Benzene Solution

Molarity of
solute expressed Melting point Molarity of Association
as monomers mw lowering AT, °C. solute nit factor R
0.1493 0.375 0.0728 2.05
0.2604 0.700 0.1355 1.97

0.4568 1.220 0.2347 1.95
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line. A known amount of benzene (about 25 cm.3 and small known
amounts of A1(CD33 (200 -200 mg.) were subsequently distilled into it.
No evidence of reaction was noted. The working formula given by I'itzer
and Gutowsky8 was used. Table IV gives the experimental data and
results.

The results show that A1(CD33is dimeric even in dilute solution.

Dimethylaluminum Chloride. The spectrum of A1(CH32C1 is in rather
good agreement with the spectra of this compound that have already been
published.669 The band at 23 n (435 cm.-1) has been discussed in some
length by Gray6and was attributed by him to the presence of A1(CH3C12

Slight differences exist between our spectrum of A1(CD3ZCl and the data
of Gray. Our spectrum contains a shoulder at 10.66 and a strong band at
16 fi. These bands may, however, be due to an impurity. The 10.66
absorption can be caused by traces of the dichloro compound. The latter
is also responsible for the 23.2 (430 cm.-1) band according to Gray.

Methylaluminum Dichloride. The spectra of A1CH312 and A10D3C12
were taken in the region 2-15 ji. Some of the bands in the NaCl spectrum
are due to complex formation.D This can be avoided by using windows of
Irtran, an inert material having good transparency between 2 and 13 ji.
The complete spectrum of ALCH3C12free of bands due to complex formation
has been obtained by Groenewege9in hydrocarbon solution.

We observed the following bands (in ~): AI1CHI12in NaCl: 7.0 (vw),
7.9 (w), 8.3 (m), 85 (m), 116 (s), 125 (s), and 14.15 (s); ALCH312in
Irtran: 7.0 (vw), 7.9 (w), 8.3 (m), 11.7 (s), 12.5 (s); A1CDI12in Irtran:
1045 (m), 12.5 (m).

The 8.5 g band has to be attributed to the complex since it is absent in the
Irtran spectrum. The spectrum of A1CD312in NaCl has probably a cor-
responding band at 10.7 ~ which shows up in the spectrum of the TiCI3
A1(CD3 21 system when this is taken with NaCl windows.

Mercurydimethyl and Zincdimethyl. We find it worthwhile to include
the spectra of the deuterated compounds, which, in our knowledge, have
not been published elsewhere. Using the assignments of Gutowskyll
we tentatively interpret the spectra as summarized in Table V.

TABLE V
Infrared Spectra of Dimethylmercury and Dimethvizinc

Band, n Band, m
Hg(CH32 Hg(cD3» filldD Zn(CH32 Zn(CD3)2 rn/rn
Asymm. methyl
deformation 6.78 9.0 1.33 6.9 9.9 (?) 1.43 (7
Symm. methyl
deformation 8.3 10.7 1.29 8.43 10.8 1.28
Methyl rooking 12.9 16.5 1.28 14.15 18.2 1.28

Metal-carbon
stretching 18.2 19.9 1.09 16.25 17.2 1.06
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Methyltitanium Trichloride. Spectra of this compound have been
reported by Groenewege,9 by Karapinka, Smith, and Carrick,12 and by
Gray.6 The interpretations given by these authors differ considerably
from one another, the main difficulty being the assignment of the Ti-C
stretching mode. Our spectrum of TiCIZTD3permits to settle the contro-
versy. The spectra are reproduced in Figure 3 and the assignments are
given in Table VI.

The assignment of Ti-C stretching to the 533 cm.” 1band is arrived at in
the following way. The spectrum of TiCIZCH3consists of three very strong
bands in the KBr region: 533, 498, and 456 cm.-1. In the spectrum of
TiCFCDa only two bands are found: 518 and 488 cm.-1. The 456 cm.-1
band cannot be Ti-C stretching, since an acceptable shift, ww/\~dbetween 1
and 1.1, would give a band between 456 and 415 cm.” 1on deuteration.
The 456 cm.” 1band must be attributed to CH3rocking and may be ex-
pected for the deuteratcd compound to occur around 330 cm.” 1if one ac-
cepts a shift constant of approximately 1.40 for this mode. A very weak
band at 355 cm." 1was noticed by Gray in the spectrum of TiCID36

Of the two bands left, 533 cm.” 1and 498 cm.” 1, one has to be attributed
to Ti-C stretching and the other to Ti-Cl asymmetric stretching. The
latter should be retained at approximately the same frequency in the
TiCIXD3 spectrum. We assign therefore the 498 c¢cm.” 1 band to Ti-Cl



ZIEGLER-YATTA CATALYSTS. Il 193]

asymmetric stretching (488 cm.-1 in TiCI D3, and by exclusion the 538
cm.-1 band becomes Ti-C stretching. Gray6and Groenewege9have both
attributed the 498 cm ."1band to an impurity. The degenerate asymmetric
Ti-Cl stretching of TiCb occurs exactly at this position. TiCl4could either
be present as an impurity in the sample or formed by the decomposition of
TiCIXTH3 We are sure, however, that our samples contained very little if
no TiCb, and that almost no decomposition occurred while the spectra were
taken. The cell body was painted in black in order to avoid photochemical
decomposition. The spectra were taken quickly and could be taken four
times without change in intensity of any of the bands. The fourth spec-
trum showed the appearance of weak broad bands at 23.3 and 24.8 p which
we have observed in the spectra of /?-TiCl3and also in the spectra of the
solid reaction product obtained when TiC!3CH3is exposed to ultraviolet
light.

The spectra contain only one significant band for each compound in the
methyl deformation region: 1362 cm.-1 for TiCICH3 and 995 cm.-1 for
TiCIXD3 Of the two deformations, asymmetric and symmetric, the
latter should be the stronger, and the above band positions are assigned to
it. Groenewege made the same assignment earlier, and he drew the atten-
tion to the anomalously high value of this frequency with respect to the cor-
relation of Sheppard13 between the CH3 deformation frequency and the
electronegativity of the metal atom. Also the isotopic shift vh/vd = 1.37,
which we observe, appears unusually high. Both facts may be due to the
transition metal nature of titanium.

The weak bands at 7.6 p (1320 cm.-1) in the spectrum of TiCIZTH3and
9.6 p (1042 cm.-1) in that of TiCI D 3are attributed to methane. CH4has
an intense band at 1306 cm.-1. The corresponding band of CD4comes at
995 cm.-1 and would be covered by the deformation band of TiCID3
The very weak band at 1042 cm.-1 could be due to small amounts of CD 3.
Methane, the main gaseous decomposition product of methyltitanium tri-
chloride, is very likely to be formed under the experimental conditions
used in obtaining the spectra.

Spectra of the Surface Products

a-TiCI3 Systems. The spectra of the surface products obtained by
reaction of aluminum alkyls on a-TiCl3 contain only very weak bands.
They are qualitatively the same as the much more intense spectra obtained
with d-TiCb. Conclusions reached for |3-TiCI3systems may therefore be
applied to the a-TiClj systems.

The difference in band intensity is certainly due to the much smaller
surface of a-TiCl3as compared with d-TiCl.,.3 That the surface compound
is chemically the same in both cases was already shown by our results on
the stoichiometry of the catalyst-forming reactions.23

/t-TiCl, Systems. Typical spectra are reproduced in Figure 4.

TiCk + AKCHf)3 Most of the bands may be interpreted easily by
analogy with the spectra of A1(CH33and A1(CH32C1: 6.85 p is asymmetric
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methyl deformation and 8.3 p is symmetric outer methyl deformation. A
broad band covers the region 12-16 p and shows a well-resolved maximum
at 14.10 p. This is clearly equivalent to the 14.3 p band of AI(CH3s and
A1(CH3221, outer methyl rocking. In some of the spectra additional
structure is found with a maximum at 13 p. This probably corresponds to
the 12.95 p band of A1(CH33assigned to asymmetric Al-C stretching. The
17.3 p band may be compared with the 17 p band in A1(CH32C1 for sym-
metrical Al-C stretching.

The broad strong band, which is seen on Figure 4 to set in at 22 p is
doubtful. Some of our spectra did not show such strong absorption in this
region. In some of the spectra weak additional bands are found at 8.5,
9.7, and 11.3 p.
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(— ) after exchange with AI(CH;)3and A1(CHJ3)2C1.

Obviously absent in the spectrum are the bands of A1(CH33at 8.0, 17.5,
and 20.8 ix that have to do with the bridging methyl groups.

The spectrum taken as a whole bears close resemblance to the A1(CH32C1
spectrum. The most likely structure of the aluminum alkyl part of the
surface product which gives rise to the spectrum seems to be a monomeric
A1(CH32 unit, the aluminum atom of which is coordinated to chlorine
atoms of the TiCl3surface.

TiCh + AI(CDz)%. The 9.65 n band is present in the parent A1(CD33
and in A1(CD32C1 and is attributed to CD3asymmetric deformation for
reasons given above. Whereas the 8.3 txband for symmetric outer methyl
deformation in AI(CH:s is preserved at the same wavelength in the TiCI3
A1(CH33spectrum, a shift is found for the corresponding band in this case:
from 10.45n in A1(CD33to 10.65 fx.  This fits with the idea that the 10.45 ju
band in A1(CD33contains both bridge and outermethyl deformation. The
shift of this band to 10.65 x has, then, the same meaning as the disappear-
ance of the 8 juband in the TiCI3AI(CH 33system and is due to the absence
of bridging methyl groups.

The 14.75 Akpeak of the broad band which covers the region 14-19 ix has
probably the same origin as the 14.78 ix band in A1(CD33 i.e., Al-C asym-
metric stretching. The maximum of the broad band lies around 17.25 fx
This is again the outer methyl rocking which falls at 17.3 ix in A1(CD33and
at 17.15 nin A1(CD32CL. It corresponds to the maximum at 14.10 fi in the
TiCI3AI(CH 33system.

Clearly absent is the 21.2 ixband of the parent A1(CD33assigned to CDa
bridge rocking. This is further good evidence for the absence of bridging
CD3groups in the TiCI3AI(CD 33system.

Additional weak bands for which we have no interpretation are found at
13.1, 155, and 16 ji. The first two possibly correspond to the weak 9.7 and
11.3 m bands found in the TiCI3AI(CH33system giving the same rHrD
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value. It is again clear that the longer wavelength part of the spectrum is
very similar to the A1(CD32C1 spectrum. A structure identical to that
proposed for the TiCI3AI(CH 33product may therefore be admitted.

c H 3 cp 3 Exchange in TiCk~AlMe% Systems. That some of the methyl
groups in the surface product undergo exchange can be confirmed easily by
infrared spectra. Figure 5 shows the spectral changes which a TiCI3
Al1(CD33product has undergone after a contact of about 2 hr. with excess
Al1(CH33 In fact, the same shifts are obtained to the same extent after
much shorter contact times, indicating that the exchange is a fast reaction.

The biggest change occurs for the CD3deformation band at 10.65y. Its
intensity is greatly reduced, and a corresponding CH3band is formed at 8.3
y. This is clear evidence that the methyl groups undergoing exchange are
bound to aluminum. Apparently, the 9.65 y band undergoes little if no
decrease, which is in contradiction with our interpretation of this band as
outer CD 3deformation. This band is, however, rather weak and the back-
ground line not being well defined and constant, the quantitative compari-
son before and after exchange is difficult. The appearance of a very weak
band at 6.95 y is in accord with a small decrease of the 9.65 band. The
14.75 y maximum is shifted to 14.30 y, again good evidence that A1-CD3is
changed to A1-CH3 On exchange of a TiCI3AI(CH33 product with Al-
(CD33the same changes are found to occur in the reverse sense. It is
probable that only the methyl groups exchange and not the aluminum
atom. First of all, not all methyl groups exchange, and secondly the 10.65-
8.3 y shift is also observed on exchange with Zn(CH32 indicating that the
aluminum atom is retained.

TiClz + AI(CHJ)ICl. This spectrum shows two weak bands in the Al-
CH3deformation region at 8.3 and 8.5 y, strong bands at 12.5 and 14 vy,
medium at 17.2 and 23.2y. Of these, the 8.3, 14, 17.2, and 23.2 y bands are
present in the spectrum of the parent compound A1(CH3Z1l. The re-
maining bands are present in the spectrum of ALCH3C12when taken in NacCl.

In the whole a close resemblance is found between the spectrum of this
system and that of A1(CH32CL

TiCU + AI(CD3iCl. The spectrum, with bands at 10.5 (w), 10.7 (w),
12.7 (m), 15.2 (s), 18.2 (s), and 23.3 (w) Yy is similar to the previous one.
Taken with Irtran windows it contains only one band, at 10.5 y, in the
methyl deformation region. The 10.7 y band is therefore indicative of the
presence of A1(CD3C12 It is impossible to decide whether this compound
is only trapped by the NaCl window or whether it is also retained by the
TiCl3in a strong chemisorption.

On exchange of the catalyst with A1(CH32C1 the 10.5 y band shifts to the
8.3 y position, whereas the 10.7 y band remains unchanged (Fig. 5). The
conclusions derived from the spectra of the product, obtained in the reaction
of dimethylchloroaluminum and TiCI3 are that methyldichloroaluminum
is formed in this reaction and that the surface product must be very similar
to that obtained in the reaction between TiCl3and trimethylaluminum.

TiCU + Trimethylaluminum. In view of the fact that the concentration
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of catalyst obtained from TiCl3is limited by the surface and therefore small
it seemed worth while to investigate the reaction product of TiCh and tri-
methylaluminum, which should because of its high concentration be better
observable by infrared.

The experimental difficulties, amongst others the obtention of reproduci-
ble and known flow rates of reagents, are very great and a thorough study
of this system was not undertaken. It seems that better experimental
techniques have been used by Gray et al.i4 The spectra obtained show
indeed strong absorption bands all of which are, however, also observable
with Tidi catalysts. As main result these experiments reveal the
similarity of the final reaction products.

Conclusions Derived from the Infrared Spectroscopic Study

{1) All of the bands contained in the spectra of the surface products can
be attributed to vibrations of methyl groups bound to aluminum.

2 The absence of bands characteristic of bridge methyl groups and the
close resemblance of the spectra to that of AICk\le2 indicates that the
aluminum alkyl part of the surface product has only outer methyl groups.
The structure | appears, therefore, to be a plausible one

Cl CH3

Cl CH3
|

3 No evidence is found for the existence of Ti-C bonds. This conclu-
sion is based on comparison with the spectrum of TiC]3ZTH3

VI. DISCUSSION AND CONCLUSIONS

The empirical formula, TbChAItCjJs.ostCn-alo.ssHs.s, of the nonvolatile
surface product formed in the reaction between a-TiCh and A1(CH33was
derived from stoichiometric data only. The infrared and exchange studies
show that the surface product contains methyl groups linked to aluminum.
Such groups give CH3 on hydrolysis with D »0 and the amount of CHD
present in the methane of hydrolysis is therefore a measure of their concen-
tration in the surface product, 80% according to the data of run 120 of
Table I. The methyl groups consist of exchangeable and nonexchangeable
ones in equal amounts. This information on the structure of the surface
product may be expressed by the following formula:

4 isCLAI [CHaexch.]08[CH 3n_exch.1d.&

[Giiresiduallo.41 [Cn-ftJo.Sa [H residual] 028

This formula may be compared with the structure (I1) proposed by
Natta et al.1517 for the product of the reaction between dicyclopentadienyl-
titanium dichloride and triethylaluminum.
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cl ch6
(C2He)Ti Al

Cl C2HS5
I

The surface product of the TiCI3AI(CH 33reaction contains Al and CH3
in a ratio close to 1:2. We ])ro])ose as its predominant constituent a com-
pound 111 with a structure similar to that above:

cl C H 3(exch)

/ N/
TiClaTi Al

A plausible stereochemical model can be given for this compound. We
assume that the titanium and chlorine atoms occupy the same positions as
in the a-TiCla crystal and that the aluminum atom and the methyl groups
have the same relative position as in trimethylaluminum and related
aluminum compounds. The model isdrawn in perspective in Figure 6.

The chlorine atoms having their centers in Ch and CI2 belong to the upper
external layer of a a-TiCl3crystal, Ci and C2 the centers of the methyl
groups, lie in a plane Ti-Al-Ci-C2 perpendicular to the plane Ti-Ch-Al-
Cl2Clland Cl2are located respectively behind and before the Ti-Al-Ci-C2
plane.

Xow the question is whether the C2methyl groups can be accommodated
in the hole left by a chlorine atom, closest neighbor to Ch and CI2 that has
been removed in the course of the reaction. In deciding this one meets with
the difficulty as to what dimensions to give to the methyl group. Pauling®
has discussed the van der Waals radius of the methyl group and assigned it

Fig. 6. Perspective drawing of the surface compound. Only those chlorine atoms that
take part in the formation of the Ti-CI-Al bridges are shown.
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Stereochemical Data on some Titanium and Aluminum Compounds

Compound

a-TiCI3

(CEH S)ZNICI2AI(C2H 6)2b

[A1(CH,),U°

[AICI(CH3>,jx

(AICIjCHaV

Radiil

Present model

Radii (present model)

Ti— CI distance

Cl—CIl—CIl angle (Cl in the
same layer and neighbors)

CI—Ti—Cl angle (Cl in the
same layer and neighbors)

Ti— CI (bridge)

Al— CI (bridge)

Al— C (out of bridge)

Cl— Ti— CI (bridge) angle

Cl— Al— CI (bridge) angle

Ti— Cl— Al (bridge) angle

Al— C (bridge)

Al— C (out of bridge)

Al— C— Al (bridge) angle

C— Al— C (bridge) angle

C— Al— C (out of bridge)

Al— CI (bridge)

Al— C (out of bridge)

Cl— Al— CI (bridge) angle

C— Al— C (out of bridge) angle

Al— CI (bridge)

Al— CI (out of bridge)

Al— C (out of bridge)

Cl— Al— CI (bridge) angle

Cl— Al— C (out of bridge) angle

Al— CIl— Al (bridge) angle

Cl— Al— C (bridge-out of
bridge) angle

lonic CI-

lonic Ti+S

lonic AI+S

Ti— ClI (bridge)

Al— CI (bridge)

Cl— Ti— CI (bridge) angle

Cl— Al— CI (bridge) angle

Ti— Cl— Al (bridge) angle

Al— C (out of bridge)

C— Al— C (out of bridge) angle

lonic Ti+3

lonic CI-

CH3group

a Data of Natta et al.1919

bData of Natta et al..1517

0 Data of Lewis and Bundle.D

d Data of Brockway and Davidson.2L

e Data of Allegra et al.2

1Data of WellsZ and Hush and Pryee.2l

Distance, A.

2.55

2.23-2.34
1.99-2.00

1.85-2.00

N

.25

N

.05

.81
.69
.50
55
.55

NN O O

1.81
1.81

Angle

60°

90°

90°
90°
90°

70°
110°
124

89 + 4°
120-135°

88.9°
124.5°
91.1°
105.8°

90°
90°
90°

126°



1946 H. M. VAN LOOY, L. A. M. RODRIGUEZ, AND J. A. GABANT

Fig. 7. Scale drawing of the a-TiCh surface compound showing that the methyl (or
methylene) group fits in the chlorine vacancy.

Fig. S. Scale drawing of the /3-TiCl3surface compound cut along the Ti-Al-CVC» plane.

2 A. The effective radius, however, depends on the direction in space. In
the case of A1(CH33D the outer methyl groups are at a C-C distance of
about 3.4 A., considerably less than the value expected on the basis of the
van der Waals radius. Using a Stuart model for CH3and a TiC'l3lattice on
scale one finds that the methyl group fits easily in a chlorine vacancy. In
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the absence of a theoretically sound value for the dimensions of the methyl
group we shall therefore in drawing a stereochemical model give it the
radius of Cl- , i.e., 1.81 A.

Using the values of bond lengths, bond angles and radii given in the lower
part of Table VII that are equal to or very close to experimental values ob-
tained on related compounds, it is possible to draw Figure 7. The chlorine
vacancy is represented by a dotted circle, the center of which, CI3 lies in the
plane Ti—Al—CiC2 The figure, drawn to scale, shows that the C2methyl
group fits very easily in the chlorine vacancy.

The proposed structure is in good agreement with the observed infrared
spectra. These contain bands due to outer methyl vibrations and no bands
characteristic of bridge methyl vibrations. The model also explains why
half of the methyl groups are easily exchanged for CD3whereas the other
half do not undergo exchange: the Ci methyl group is easily accessible to
any exchanging agent whereas the C2methyl group is shielded by the sur-
rounding chlorine atoms of the upper layer of the TiCl3crystal.

It should be remembered that the reaction product covers almost the
entire surface of the a-TiCl3crystal. If now the proposed structure repre-
sents accurately the predominant surface compound, the conclusion is
reached that, with methyl groups filling the chlorine vacancies, the surface
titanium atoms in the 001 plane are not accessible.

The model remains valid also for higher alkyls. It is easily seen that,
e.g.,, in the case of ethyl, no steric strain results when the methylene
groups are kept in the fixed positions Ci and C2

For the d-TiCF systems, a similar model may be accepted. We assume
that the most developed faces of the /3-TiCl3crystals are the faces parallel
to the c axis of the titanium atoms.3 From the crystallographic data on
/3-TiCl3given by Natta et al.,839 and the bond lengths, angles, and radii of
Table VII it is possible to build the model of Figure 8. In this case the
methyl groups cannot fit in the chlorine vacancy without imparting strain
on the molecule. It is necessary to bend the Ti~CI|—Al bonds by an angle
of 20° and the aluminum atom lies now outside the CI—Ti—CI plane.
Again an interesting feature of this model is that the /3-TiCl;{ system has no
titanium atoms accessible from the main crystal faces, those parallel to the ¢
axis.

The results and conclusions that are presented in this and the foregoing
papers enable us to draw a picture of the alterations undergone by the TiCI3
surface in the reaction with aluminum alkyls. The virgin surface of TiCI3
whether a or i3 is essentially composed of chlorine atoms. Titanium atoms
in an external position are found only in the less developed faces: the lateral
faces of the a-TiCl3leaflets and the tops of the /3-TiCl3stacks, or at surface
defects.

In a first fast reaction step, in which surface chlorine atoms are exchanged
for alkyl groups, half of the titanium atoms closest to the surface become
alkylated. The alkylated surface gives rise to two parallel reactions. The
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most important of these, a further reaction with aluminum alkyl, leads to
the formation of a surface compound

TiCh-Ti Al

The structure of this compound may be imagined to be such that one R
group, or part of one R group, occupies now the position of the surface
chlorine that was removed in the very first reaction. No surface vacancies
are therefore created, and the titanium atoms have not become any more
accessible from the outside than they were before. This model strictly
applies only to the main crystal faces. The formation of the same surface
compound on the less developed faces will not change appreciably the ac-
cessibility of external titanium atoms.

The Ti —C bond being inherently unstable, the alkylated surface may
however, also undergo decomposition prior to the reaction with aluminum
alkyl. In this case avacancy is formed in the surface and a titanium atom
becomes accessible from the outside. This reaction will not be important
when R does not have a 0-H atom, for instance when R is methyl or neo-
pentyl. It will, however, occur readily for instance when R is ethyl.
This will eventually give rise to accessible titanium atoms in the main
crystal faces such as exist on edges, defects and less developed faces.

With this description of the TiCU surface after its reaction with alu-
minumalkyl in mind we arrive now at the crucial and much debated ques-
tion: what makes this surface an active polymerization catalyst? The
conclusions arrived at here, and the results obtained in an electron micro-
graphic study of the TiClr-AlMej catalystZ permit a partial answer. The
comparison of electron micrographs, taken before and after polymerization,
show that active sites exist only at those places where titanium atoms are
accessible. This is an essential condition for polymerization to occur. The
aluminum-containing compound which covers the surface is certainly not
catalytically active in its most abundant form, that is on the well-developed
crystal faces where it is completely surrounded by chlorine atoms. This is
the reason why we have used the terms “nonvolatile product,” “surface prod-
uct,” and “surface compound,” and why we have avoided the work “cata-
lyst” throughout this paper.

Experiments aimed at a better understanding of the intimate mechanism
of polymerization will be presented in subsequent papers of this series.

The authors thank Dr. J. Dale for his help in the interpretation of the infrared spectra.
They are grateful to Miss C. Moons and Miss N. Vincent for their technical assistance.
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Résumé

Le produit formé par la réaction entre A1(CH3)3 et TiCls a la surface du TiCl3 a été
étudié. L’étude stoechiométrique de la réaction, les réactions d’échange des groupes
hydrocarbonés et leur hydrolyse, ainsi que I'étude par spectroscopie infra-rouge font
admettre la présence prépondérante d’'un composé dont la formule est

Cl CH3

/ \ /
TiCL-Ti Al

\ / \
Cl CH3

LTn modeéle stéréochimique de ce composé est proposé, qui est adapté aux faces 00.1
du «-TiCL, de loin les plus développées. Dans ce modeéle, les atomes de titane et de
chlore occupent, les mémes positions que dans le réseau cristallin du a-TiCl3 pur. Les
deux groupes méthyles sont stériquement différents. L’'un d’eux sort nettement
de la surface tandis que l'autre occupe le trou laissé par un atome de chlore enlevé
pendant la réaction. Ceci est en accord avec le fait expérimental que seulement la
moitié des groupes méthyles est échangeable au contact de A1(CD33 La structure
est telle que les atomes de titane de la face 001 sont inaccessibles. Un modele similaire
est proposé pour le /S-TiCL, conduisant a des conclusions semblables. Les spectres
IR de A1(CH33 A1(CD33 AlC1(CH32 AlC1(CD3)2 AlCI1ZH3 Al1C1ZD3 TiCIXH3
TiCIXD3 Zn(CD3)2et Hg(CD3)2 et ceux des produits de surface obtenus par réaction
de certains de ces composés sur TiCl3sont donnés.
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Zusammenfassung

An der Oberflache von TiCl3entsteht bei der Reaktion mit A1(CH?J3)3ein nicht flichtiges
Reaktionsprodukt. Mit Hilfe von stoechiometrischen Daten, CH3C D 3 Austausch
und infrarot Spektren schliessen wir auf das Vorhandensein einer Oberflachenverbindung
folgender Struktur:

Cl ch3
/ \
TiClj-Ti Al
\ / \
Cl ch3
Fur a-TiCls schlagen wir ein Modell vor, in dem die Titan- und Chloratome die gleichen
Positionen wie im TiCh-Gitter einnehmen. Die zwei Methylgruppen der Oberflach-
enverbindung sind sterisch verschieden. Eine ragt aus der Oberflache heraus, die
andere nimmt die bei der Reaktion entstehende Chlorlicke ein. Dieses Modell steht
in Einklang mit dem experimentellen Befund, dass die Halfte der Methylgruppen leicht
austauschbar ist. Anhand dieses Modells muss angenommen werden, dass die Titan-
atome in der 001 Kristallflache (diese Kristallflache bildet fast ausschliesslich die
Oberflache von a-TiCl3) nicht zuganglich sind. Ein Modell, das zu ahnlichen Schltssen
fahrt, wird fur /3-TiCI3 vorgesohlagen. Die infrarot Spektren von A1(CH3)3 A1(CD3)3
A1C1(CH3)> Al1C1(CD32 AICIXH3 AIChCD;, TiCIXH3 TiCuCD, Hg(CDJ32 und
Zn(CD?J)2 werden besprochen, sowie die infrarot Spektren von Reaktionsprodukten,
die bei der Einwirkung einiger dieser Substanzen auf TiCls entstehen.

Reeeived June 24, 1964
Prod. No. 4820A
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Studies on Ziegler-Natta Catalysts. Part IV.

Chemical Nature of the Active Site

L. A. M. RODRIGUEZ* and H. M. VAN LOOQOY,f Union Carbide.
European Research Associates, S.A., Brussels, Belgium

Synopsis

The determination of the number of sites active in the polymerization of ethylene on
the surface of a-TiCl*-Al(CHj)adry catalysts leads to the conclusion that this number is
small in comparison to the total surface of the catalyst. Qualitatively this conclusion is
also reached by two other independent methods. Infrared spectra of the catalyst before
and after polymerization do not show a change in the type of bonds present in the surface.
Electron microscopy proves that no active sites are formed on the basal plane of the
a-TiCla which constitutes 95% of the total surface. The results strongly favor the lateral
faces of a-TiCL as the preferred location of active centers. The lateral faces contain
chlorine vacancies and incompletely coordinated titanium atoms. This must then be the
essential conditions for the formation of active centers. The propagation of the poly-
mer chain has been repeatedly shown to follow an insertion mechanism. The active site,
therefore, necessarily contains a metal-carbon bond. The study of catalysts derived
from TiClaCH, leads to the conclusion that a Ti— C bond on titanium of incomplete co-
ordination is the active species in these cases. The alkylation of surface titanium atoms
was proven to be an intermediate step in the catalyst formation from TiCL and A1R3.
Survival of titanium-alkyl bonds on the lateral faces, where titanium atoms are incom-
pletely coordinated explains best, in the light of our data, the activity of Ziegler-Natta
catalysts. Coordination of aluminum alkyl compounds in or around the active center
probably complicates the structure of the active centers.

INTRODUCTION

In the previous papers of this seriesl-3 the reactions between a- or £
TiCl3 and A1(CH33 or ALCH32ZC1 or A1(CHYH3 have been discussed at
length. These reactions are limited to the surface of TiCl3and lead to
products that are catalytically active in the polymerization of a-olefins.
The following picture of the alteration undergone by the a-TiCl3surface
in its reaction with A1(CH33 which with minor modifications applies also
to the other systems, may be given.

The main reaction product is a compound TiCI3-TiCIAI(CH32 (I).
This compound covers completely the 001 faces of the a-TiCls crystals,
with half ot its methyl groups occupying vacancies created by the removal
of Cl atoms during the reaction. This compound may also exist on the

* Present address: UCB Pharmaceutical Division, 68, rue Berkendael, Brussels,
Belgium.
t Present address: Institut Francais du Pétrole, Rueil-Malmaison, S. et O., France.
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structurally different and less developed faces of the crystal: the lateral
faces and the faces of the growth spirals. There is, however, no experi-
mental proof for the existence of compound | in these locations. Com-
pound 1 is formed by a sequence of reactions of which only the first is
clearly understood. This is an alkylation of the surface leading to a com-
pound that is adequately described by the formula TiCUTIChCIK (I1).
Compound Il reacts further with AIMe3 finally giving compound I. Due
to the inherent instability of the Ti—C bond, however, Il may decompose
by itself along a parallel pathway. The net result of this reaction is the
formation of a chlorine vacancy. The experimental results substantiate
the existence of this reaction. The values of the ratio of aluminum atoms
fixed to chlorine removed is less than one. The effect is particularly pro-
nounced when AIEt3is used. This is in agreement with the proposed re-
action scheme because it is known that the Ti—CZ2H5bond is by far less
stable than the Ti—CH3bond and will therefore more readily decompose
by itself. A third possibility which may not be overlooked when de-
scribing the TiCl3surface after its reaction with A1(CH33is that under cer-
tain conditions the intermediately formed Ti—C bond could be present as
such in the final reaction product. Conditions for this to occur would be
that the Ti—C bond be stabilized in itself and also towards its further re-
action with A1(CH33 A Ti—C bond could possibly be more stable when
the titanium atom has a low coordination number. This condition is ful-
filled on the lateral faces of <*-TiCl3where the titanium atoms do not possess
their coordination number 6. Anyway the absence of bands characteristic
of Ti—CHa3in the infrared spectra of the reaction product indicates that if
these groups exist, their concentration must be extremely small compared
to the concentration of compound 1 in the surface.

With this description of the catalyst surface in mind we shall now pro-
ceed to a discussion of which of the species described have to be considered
as being a constituent part of the active site. For this it is important to
have an idea of the number of active sites present in the catalyst. Know-
ing the number and comparing it to the concentrations of the various species
present might permit one to close in on the species actually involved.

Since the infrared spectrum of the dry catalyst is readily observable it is
obvious that comparison of spectra before and after polymerization may
help in ascertaining the nature of the active site.

Electron-microscope work4 has shown that an accessible titanium atom
is an essential constituent of the active site in bimetallic catalysts. It is
therefore desirable to gain deeper insight into the mode of action of those
catalytic systems that contain titanium as the only metal. Experimental
results pertaining to this problem shall be presented.

We shall try to pour all these data into a consistent picture of the active
site of Ziegler-Natta catalysts as far as its chemical constituents goes. The
geometry of the active site and also other factors responsible for stereo-
regulation will be considered in part V of this series.6
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COUNTING OF ACTIVE POLYMERIZATION SITES

It is generally assumed that hydrocarbon groups of the catalytically
active sites participate in the initiation of polymerization and that they
form the dead end of the polymeric chain. Support for this hypothesis
comes from the experiments of Natta et al.6 with al-TiCI3A1(14C3ir,)3
labeled catalyst. Also Phillips and Carrick,7 using a catalyst formed by
reaction between AIBr3 Sn(C6H54 and a vanadium halide, found one
phenyl group per polyethylene molecule. The hypothesis is also very well
supported by the results obtained by Chien89 with a soluble bis(cyclo-
pentadienyl)titanium dichloride-dimethylaluminum chloride catalyst.

It seems, therefore, safe to assume that the number of hydrocarbon
groups transferred from the catalyst to the polymer represents the number
of active sites or its upper limit if secondary reactions take place. Of
these, exchange between growing chain and aluminum alkyl in solution is
avoided in our experiments, since ethylene is polymerized from the gas
phase in the absence of solvent and excess aluminum alkyl. In an attempt
to determine the number of active sites present in our “dry catalysts” we
prepared catalysts from a-TiCE and A1(4CH33, following the technique
described earlier.0 These techniques allow the determination of the total
amount of carbon present in the catalyst.

A known amount of ethylene is allowed to polymerize on the catalyst.
The polymer-catalyst mixture is then hydrolyzed and the polymer is re-
covered. It is washed first with aqueous HCI-methanol, next with meth-
anol, and then dried.

The 14C content of the polymer is determined by combustion of a weighed
sample and the AC 02activity is counted in an ionization chamber coupled
to a Cary Model 32 vibrating reed electrometer (Applied Physics Corpo-

TABLE 1
Proportion of Hydrocarbon Groups Transferred from Catalyst to Poljmer
RA 21) RA 30 RA 26
a-TiCL + A1(14CH3)3reaction

time, min. 90 150 120
Temperature, °C. 65 65 65
Carbon content of the catalyst be-

fore polymerization Ccat,

mg.-atom 0.70S 1.016 3.502
Ethylene polymerized Ev, (65°C.)

mmole 28.25 47.11 780
14C specific activity of the polymer,

,uc./mg.-atom of carbon 1.75 X 10-3 2.25 X 10-3 0.53 X 10-3
Total activity of the polymer, iic. 0.099 0.212 0.827
Carbon content of the polymer

coming from the catalyst, Cop

mg.-atom 0.025 0.053 0.207
Cep/Cecat 0.035 0.052 0.059

Sp/Cecat 40 44 223
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ration, Monrovia, California). The 14C specific activity of the A1I(MCH33
sample used amounted to 4.0 /;c./mg.-atom of carbon. The results of three
experiments are summarized in Table .

From this table it follows that the proportion of carbon transferred from
the catalyst to the polymer (C.RC,at) is very low and that the ratio Cqv/
fcat does not change much when the ratio Ap/C cat increases very strongly.
The results may be explained in two ways: either only few of the hydro-
carbon groups contained in the surface product belong to catalytically
active sites, or the ratio of tlu* rate of propagation to the rate of initiation
in the polymerization is very high.

Relevant to the first interpretation is that the ratio Cn,/Cait is of the
same order of magnitude as the ratio of the surface of the lateral faces to
the total surface of the a-TiCL crystals, estimated at about 5 X ICR21
This correlation renders new support to the widely accepted view that the
active sites arc localized mainly on the lateral faces and on faces having
the structure of the lateral faces 4,11-14

The correlation is, however, only apparently true. The ratio of lateral
face to basal plane is calculated for well-developed regular crystals, a-
TiCh catalysts show in reality a great number of surface irregularities, and
there is growing evidence that these are particularly rich in active centers.
As a consequence, one has to accept that perfectly developed lateral faces
are not an all-over active region of polymerizat ion.

As for the second interpretation, assuming that all hydrocarbon groups
present in the surface product are potentially active sites, one has to pos-
tulate that the propagation at a once initiated center is so fast that only few
monomer molecules partake in initiation, the great majority being used up
in the propagation of the chain. A very rough calculation on the basis of
the data of Table 1 and assuming first-order initiation and propagation
with respect to monomer concentration gives a value k,,/kt of about 2-
4 X 104 This high value makes the second interpretation appear un-
sound.

INFRARED STUDY OF THE POLYMERIZATION OF ETHYLENE ON
DRY CATALYSTS

Several catalytic systems have been studied by infrared spectroscopy.
The spectra of the nonvolatile reaction products (dry catalysts) between
TiCh and the various aluminum alkyls have been given already .3

Spectra have been taken before and after polymerization of a convenient
amount of ethylene or propylene on a given sample of a dry catalyst. A
guantitative comparison of the spectra before and after polymerization is
therefore possible, and any decrease or increase of a band belonging to the
dry catalyst is meaningful. It was hoped at the beginning of this work that
such changes of intensity would occur during polymerization or that the
spectra after polymerization would show new bands indicative of a modi-
fication of the dry catalyst. If insertion of monomer occurs on the A1—C
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Fig. 1. Spectra of catalysts before and after in situ polymerization of ethylene: (&)
TiCI3 + A1(CH3)3 (- ) and the same after polymeriztion of C2D4 (6) TiCI3 +
Al1(CD32C1 (—---- ) and the same after polymerization of C2H4 (--) (spectra taken with
Irtran windows); (c) TiCI3 (- ) and TiCls + A1(CD3J33 (d) The same after ex-
change with A1(CH 3)s (- ) and after polymerization of C2H4(- -).

bond such changes would be observable most easily by polymerizing CD t
on a TiCI3AI(CH 33catalyst, provided that a significant amount of A1I—C
bonds are active. In this case interesting results would be obtained with
CHs/CDirexchanged catalysts, showing, e.g., activity of the exchangeable
and relatively free CH3groups.
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If polymerization were to lead to Ti—C bonds, which are not found in
the spectra of the dry catalysts, these could show up at positions known
from TICI3CHS3, provided again that the concentration of such bonds would
be significant.

The spectra of several systems before and after polymerization are given
in Figure 1. Spectra of polyethylene (CH2, and (CD32, are given in
Figure 3. In all these cases the final spectrum obtained after polymeriza-
tion is merely the superposition of the spectrum of the dry catalyst as it
was before and that of the polyethylene formed on it, and 110new bands due
to titanium-alkyl bonds arise. The same holds for the spectra taken in
the KBr region as well as for systems in which propylene is polymerized.
These results are readily explained by assuming that the concentration of
the active sites is too small to give an observable change in the spectrum
and no direct information as to the nature of the active sites is gained.
However, a more specific conclusion imposes itself. Because the surface
product TiCI3TiCI2AI(CH332(1) is readily observable in the infrared spec-
trum due to its high concentration on the surface, it cannot be the active
site in its most abundant form, i.e., on the 001 plane. Since, however, we
know that only a small percentage of the carbon fixed in the surface par-
takes in polymerization, one might argue that (I) on the 001 could still be
the active site. If only a small percentage of it were active one would not
see a change in the infrared spectrum. However, this appears very im-
probable. The 001 face of the dry catalyst as a regular, repeating com-
position fully covered as it is with I, one sees therefore no reason why only
a small percentage of it would be active. Moreover the unquestionable
proof for the inactivity of (1) in the 001 plane comes from the electron-
microscopic work which shows the absence of active sites in the 001 plane.

ELECTRON-MICROSCOPIC STUDY

A safe answer to the question of how big a proportion of the surface
groups partakes in polymerization comes from our results obtained with
electron microscopy. Electron micrographs show that the polymer is
formed spotwise on the a-TiCI3AI(CH 33dry catalyst4 No quantitative
measurements are possible with this technique, but an essential qualitative
result is that the spots are not statistically distributed on the catalyst sur-
face. If all the sites created by the catalyst-forming reaction, which affects
the complete surface of TiCI8 were equally active, a random distribution
of spots over the whole surface would be expected. The fact that polymer
is found only along the growth spirals and on the lateral faces is a proof
that only a small proportion of the hydrocarbon groups retained in the sur-
face product of the reaction TiCI3 + A1(CH33are catalytically active.
This general conclusion is thus supported by the results of three inde-
pendent techniques: tracer studies, infrared spectroscopy, and electron
microscopy.
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CATALYSTS CONTAINING TITANIUM AS ONLY METAL
Evidence that the Growing Polymer Chain is Attached to Titanium

The electron-microscopic study of TiCI3AI(CH J3catalysts has proven
that titanium is an essential constituent part of the active site of these bi-
metallic catalytic systems. In order to understand the role played by the
titanium atom in the polymerization step it is therefore desirable to study
the mode of action of those catalytic systems that contain titanium as the
only metal.

Beerman reported first the synthesis of alkyl titanium halidesBHand their
activity as polymerization catalysts. Beerman and BestianX¥have shown
that the active catalyst is formed in the decomposition of solutions of TiCI3
CH3 By measuring the deuterium content of the polymer separated from
the reaction mixture after hydrolysis with D2 they ascertained that the
polymerization takes place by insertion of the olefin in a Ti—C bond.
Growth on titanium is also the polymerization mechanism accepted by de
Vries7 and Edgecombe B Although this appears the only plausible
mechanism and although we do not question the purity of the TiCl3aVie
used by the various authors, a rigorous proof that only the titanium is in-
volved asks for the experimental confirmation that the number of active
polymerization sites is greater than the number of foreign metal atoms
present in the system. In order to get this proof we analyzed very care-
fully a batch of highly pure TiCIMe and determined the number of active
sites involved in polymerization by alcoholysis of the polymer-catalyst
mixture with CH3OD and by assaying the number of C—D bonds thus
formed in the polymer by means of infrared spectroscopy.

The preparation of the TiCIZH3is performed as follows. A spherical
vessel A, equipped with a breakseal B and a magnetic stirrer contains a
weighed amount of TiCh (almost 60 mmole) diluted in 20 cc. pentane.
This vessel A is connected to a vessel C through a G3 sintered glass filter
and to a reservoir containing a weighed amount of about 30 mmole of pure
dimethylzinc in 250 cc. of pentane. The reservoir is separated from the
vessel A by a breakseal D. The whole system is under vacuum and closed.
Vessel A is cooled at —78°C., breakseal D is broken, and the pentane solu-
tion of dimethylzinc is gently distilled into the vessel A, which is stirred
magnetically. The reaction is regulated by cooling or rewarming vessel A.
When all of the dimethylzinc has been introduced, the reaction mixture is
stirred for 1 hr. and warmed to —20°C. in order to complete the reaction
and to dissolve the TiCIXH3 The mixture is filtered at —20°C. through
the sintered glass filter, cooled in vessel B with liquid nitrogen, and sealed
off. By this technique we avoided all contact with air and humidity. The
TiCh used was the Tluka pure product previously distilled arid the di-
methylzinc was synthesized in two steps: first CH3 and cadmium amalgam
give dimethylmercury which may be easily purified by distillation; next
dimethylmercury is reacted with pure zinc in excess in a sealed tube by
progressive heating from 50°C. to 95°C. during 3 days and carefully dis-
tilled (m.p. 42°C.).
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TABLE 11
Impurities Analysis in TICUCHa

Impurities, %

TICh TiCUCHSs TiChCIL
reactant 1st preparation 2nd preparation
Zn <10~2 < 10-2 <10~2
B, Mg <HD3 <urz2 <10~3
Si, Ca <ID"2 <10 s
Ee <10~8 <10 <urs3
Al < 10-* <ur3 <10“3
Cu <5 X HD3 <If)-3 <5 X 10-=
Others <10-3 <I(H <1()-3

The assay of foreign metals was done by ultraviolet emission spectros-
copy on the solid residues obtained after alcoholysis of TiClI?,CH:>, samples,
followed by treatment with 11X (> and evaporation of all volatile material.

The conclusions of the analyses of two independent preparations are
given in Table II.

Zinc is the only element present in appreciable trace quantities. Among
the other elements detected, boron, magnesium, iron, and aluminum are
the ones that might be active in the catalysis. The total concentration of
foreign elements is less than 5 X 10 _2%. The above conclusions are also
reached with the techniques using Eriochrome T 19 and ethylenediamine-
tetraacetic acid as complexing agent 2D

Polymerization of ethylene with solutions of TiCIZTH3was done in the
following way. A sample of 6-7 mmole of TiCIH3in about 20 cc. of
pentane is withdrawn at —20°C. from the stock solution in vacuo. The
sample is distilled at —20°C. into the polymerization vessel, which is
sealed off. The polymerization vessel is equipped with breakseals and
with a magnetic stirrer and is maintained at 0°C. Carefully purified

a. run nru b. run nr 20 c. run nr 21 d. 1-deutero-

n-decane

Fig. 2. Spectra of polyethylene obtained with TiCLCIR catalysts, after alcoholysis
with CHsOD: (a, b, c) C— D stretching region; (d) C— D stretching in the reference
substance 1-deutero-re-decane.
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ethylene is introduced in fractions of about 1 nunole until the desired
amount is reached. Then, 20-30 ce. of deuterated methanol CHOD is
distilled into the cooled vessel. This is allowed to warm up slowly and the
mixture is alcoholyzed. The polymer is washed with methanol, with
aqueous HCI-methanol, and again with methanol and dried under vacuum.
The concentration of C—D bonds in the polymer is evaluated by infrared
spectroscopy by comparison with 1-deutero-n-decane, CH3CH2J&HD,
as reference. The reference compound was prepared from 1-bromo-n-
decane by Grignard reaction followed by deuterolysis with heavy water of
99.5% deuterium content. The spectra reproduced on Figure 2 were
taken on KBr disks.

The spectra of the deuterated polymer and of 1-deutero-n-decane reveal
only one peak in the C—D stretching region, namely, at 4.60-4.61 /a This
position clearly corresponds to 4.62 ”~ given in the literature for C—D
stretching in the CH2D group 212

Because the other deuterium-containing groups, —CHD—, —CD2—,
and —CHI)2 have other stretching frequencies it is safe to assume that
only CHoD groups are incorporated in the polymer chain by alcoholysis.
This means that each polymer chain attached at the moment of hydrolysis
to the active site becomes marked by one deuterium atom.

Our infrared technique, establishing the nature of the deuterium-con-
taining group, therefore permits an unambiguous counting of the number
of polymer chains and appears more reliable for this purpose than the tracer
techniques used by other authors 81623-5 Moreover, no correction must
be made for the natural abundance of deuterium (2 X 104 D/H). This
correction is necessary in techniques that count the total deuterium con-
tent. It must also be pointed out that hydrolysis with D2 of the TiCI3
CH3polymer mixture introduces deuterium at several positions giving
rise to bands at 4.56 and 4.8 g. The results are summarized in Table Il1.

We conclude that the number of sites which are still active at the time
of alcoholysis is far greater than the total number of impurity atoms present
in the system. The metal-C bond in the active site is therefore without
question a Ti—C bond.

TABLE 111
Number of Active Sites versus Number of Impurities in TiCbCFL-Ethylene Systems

Run 14 Run 20 Run 21

Initial amount of TiCICH3

mmole 6.68 4.32 6.11
C>H4 polymerized, mmole 10.6 5.0 15.6
C-D unit/CTL units in the

polymer 2 X 10-2 1.9 X 10"2 1.8 X JO-2
Total C-D units, mg.-atom of 1) 0.21 0.095 0.28
Total amount of impurities in

initial TiCbClls, mg.-atom 0.003 0.002 0.003

Ratio D/impurities 70 47 93
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Reaction of Ethylene with the Ti+4—C Bond

The work of Beerman and Bestian®has shown that the activity of solu-
tions of TiCIjCIB is linked to the presence of its decomposition products.
The exact nature of the active species however is to our knowledge still
open to question. The illuminating work of de VriesT has shown that a
tetravalent alkyltitanium chloride is unstable when the alkyl group carries
a /3-hydrogen atom. The same author has also shown that isobutene may
be inserted in the Ti—C bond of TiCIZTH3with formation of the relatively
stable neopentyltitanium trichloride.

TiCIXH3 is stable at room temperature. When ethylene is admitted
to it polymerization begins, and simultaneously the titaniumalkyl com-
pound decomposes, as is noticeable by the appearance of brown TiCI3
The following experiments given good evidence that the first step is in-
sertion of an ethylene molecule in the Ti+4—C bond.

Two reaction mixtures, TiCIxH3+ CZ2D4and TiCIsCDs + CH4 were
studied qualitatively, and no attempts were made to measure the quantities
of reagents and products. The molar ratio of ethylene over titanium
compound is estimated to be in the range 1-10. The ratio was higher in
the second experiment than in the first. No solvent was used. In both
systems an important amount of methane was formed. The reaction Ti-
CIXH3 + C2D4yielded methane of composition 60% CH3I and 40%
CH4 The reaction TiCIX D3+ CXH4gave 90% CD3H, 2% CDXH2 and
8% CD4

These results may be easily understood in terms of intermediate forma-
tion of unstable titaniumalkyl compounds having a /3-hydrogen atom1/ as
shown inegs. (1) and (2).

TiCUCHa + C2D4-* TiCIaCD2CD2CH3 (1)

TiCIXD2XD2H3 + TiChCHa — CH3D + hydrocarbon + 2TiCI3 2)

Simultaneous thermal decomposition of methyltitanium trichloride is re-
sponsible for the formation of CH4and CD4in these experiments. That
only a small amount of CD4was formed in the second experiment may be
due to the fact that the pressure of CH4used was higher than that of CD4
in the first experiment giving a high yield of TICHZHZ D3

As to the nature of the hydrocarbon formed in reaction (2) we believe
it to be propylene (CD2CD —CH3, from an examination of the infrared
spectrum of the polymer separated from the reaction mixture after hydrol-
ysis with CH®D (Fig. 3). The main bands in this spectrum (Fig. 3a) are
due to polyethylene (CD2n (Fig. 3c). The strong band in the C—D
bending region at 9.2 y is due to CDZ2and only part of the weak band at
9.45 y belongs to CD3bending. The concentration of CD3in the polymer
appears thus to be low and probably arises from the hydrolysis of Ti—
(CD2,—R with CH3D, giving CD3—(CD2n—R. R, the alkyl group
at the dead end of the chain, is presumably CH3stemming from TiCIZH3
The concentration of CH3groups in the polymer is, however, important
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Fig. 3. Spectra of polyethylene: (a) polymer obtained from TiCIXH3+ C2D4after
decomposition with CH30D; (6) linear polyethylene (CH2mobtained with a TiCI3
A1(CH3)3 catalyst; (c) linear polyethylene (CDi)» obtained with a TiCI3Al (CHaa
catalyst; (rf) the system TiCII D3+ C2H4after removal of all volatile products (-------- )
and after continued polymerization of C2D4(- -).

and much higher than that of CD3 Indeed the bands seen in the C—Id
deformation region around 7 p can only be attributed to CH3 CH3sym-
metrical bending in polyethylene comes at 1735 cm.-1 (7.26 p).5 11L(CH2«
polyethylene, the 1375 cm.-1 peak belongs to a broadened composite band
with two other maxima at 1369 and 1353 cm.-1 that are due to vibrations
of CH2groups (Fig. 36). In the spectrum of Figure 3a there is only one
sharp peak at 1375 cm.-1, purely CH3bending. In the usual polyethyl-
ene the intensity of the 1375 cm.-1 band is small compared to the 1460
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cm.-1 band (6.85 g) which contains CH2bending and CH3 asymmetrical
bending. In this spectrum the two bands are of comparable intensity and
this points to CH3 motion as their origin. The intensity of the bands is
such that we may conclude the presence of a high concentration of CH3
groups in the polymer. It seems most likely that these are branched CH3
side groups. A high concentration of such groups is readily explained if it
is assumed that CD2=C D —CH3is formed in reaction (2). The propyl-
ene molecules would then copolymerize with ethylene. In fact, the spec-
trum in the CH deformation region is very like that of polypropylene.

Equivalent results were obtained when the reaction TiCIXD3+ CZH4
was run in the infrared cell. Tor this purpose TiCIXD3was admitted to
the cell in such a way that a liquid layer covered one of the windows.
When CH4was admitted, a brown deposit formed on the window. The
volatile material was removed and the spectrum taken (Fig. 3d). It con-
tains an almost vanishing band at 10 n possibly the CD 3deformation of un-
decomposed TiCIEZD3 The other bands are due to hydrocarbon. Except
for the bands in the C—D stretching region (4.6-4.9 n) and in the CD 3de-
formation region (9.2-9.4 /;) they are due to linear polyethylene (CH2,,.
However, the well resolved 9.4 ~ band is again evidence that this polymer
must contain CD3 side groups. This band cannot be due to Ti—CD3
asymmetric deformation since it is not observable in the parent TiCID3
which was only one observable deformation band at 10.04 /. When CD4
was added after the removal of C2H4 the spectrum represented by the
dotted line was obtained. This spectrum has stronger bands in the C—D
stretching region and a new band at 9.2 n, both indicative of linear deutero-
polyethylene (CD2M The CD3 deformation band at 9.4 ” is retained
without change in intensity. This is additional proof that it belongs to
the already formed polymer.

The conclusion from these experiments is that in a primary step one
molecule of ethylene becomes inserted in the Ti+4—C bond. An unstable
titaniumalkyl compound results, which reacts with TiCIZH3 It seems
therefore unlikely that the polymer formed in the system grows on a tetra-
valent titanium atom. The active species in this polymerization must
be sought among the products formed in the decomposition of the titanium-
alkyl compounds. It is possible that it is formed in an exchange reaction

TiCU + TiClitt — TiCloR + TiClt

already proposed by de VriesT and later by Edgecombeiand that it is a
titaniumalkyl compound in which titanium has a valency less than four.

The same conclusion concerning the inactivity of the Ti+4—C bond as
polymerization catalyst is also reached from experiments with dimethyl-
titanium dichloride. This product was synthesized from TiCl4 and di-
methylzinc in pentane solution with the technique described for TiCIZTH3
The molar ratio of the reactants was 1/1 in this case. The crude product
can be purified by crystallization at low temperature (—80°C.), as reported
by Beerman and Bestian.®6
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The crystalline product was analyzed for foreign metals by ultraviolet
emission spectroscopy and was found very pure. The main impurities are
Zn (10-3 g.-atom) and Al, Si, B, Mg, and Cu (maximum 10~4).

Addition of ethylene at 1 atm. or less to a solution of TiCI2CH32 in
pentane at 0°C. leads to a quick absorption of 1 mmole of ethvlene/mmole
of TICI2CH32 Next, formation of 1 mmole of methane, precipitation of a
black titanium-containing product, and polymerization of ethylene are ob-
served. After the precipitate has settled down, the supernatant solution
is perfectly colorless.

There is no doubt that the observed rapid decomposition of TiCI2(CH32
at 0°C. is due to a reaction with ethylene, because the starting solution is
rather stable at this temperature. No polymer is formed when the experi-
ment is done at —38°C. with a perfectly clear solution of TiCIAZCH32
Polymerization occurs, however, at temperatures as low as —38°C. when
crystalline, solid TiCIZACH32is present. In this case, the active catalyst
is probably a decomposition product on the surface of the crystalline
needles. The general conclusions of these experiments as well as those
with TiCIZH3are that the Ti+4—C bond is able to insert a molecule of
monomer (ethylene) and that the product formed is very unstable and de-
composes quickly. Therefore a Ti+4—C bond is not likely to be the active
species in Ziegler-Natta catalysts.

Growth on Titanium of Valency Less Than Four

In favor of the idea that the polymer is growing on a titanium atom of
lower valency is the experimental finding that a dry catalyst prepared from
TiCl2+ TiCIXH3has by far greater activity than that prepared from TiCI3
+ TICIXH3 The activity for polymerization of ethylene of four dry
catalysts mentioned in Table IV was compared. TiCk was obtained as a
black powder by disproportionation of a-TiCU at 450°C. under vacuum.
A weighed quantity of the titanium chloride was brought in contact with
the organometallic compound at room temperature. The excess organo-
metallic and all volatile reaction products were removed at 50°C. after a
contact time of 10 min. Ethylene was admitted at a pressure of 50 cm.
Hg and the rate of polymerization was measured at 50°C. by following the
pressure drop at constant volume. Ethylene was readmitted each time

TABLE 1V
Comparison of Activity of Dry Catalysts in Polymerization of Ethylene

Polymer
Weight Weight of m.p., °C.
TiCl,,, Relative polymer, Yield,

Catalyst g rate g- % First Next
TiCb + A1(CH3)3 0.77 1 1.2 1.5 217 126.5
TiCk + A1(CH3)3 0.30 2.5 2.5 X.3 217 126.5
TiCb + TiCLCIL 0.77 >0.1 0.2 0.3 217 123

TiCk + TiCIXH3 0.41 >12 3.1 7.6 214 123
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the pressure had dropped to 20 cm. Hg until the rate became negligible.
The catalyst was then dissolved as well as possible in aqueous HC1. The
polymer was dried and weighed. The results are given in Table IV.

The values of the rates given are strictly comparative between each
other. They are based on the mean value observed in the first three ad-
missions of ethylene and give an approximate measure of the initial rate at
apressure of 40 cm. Hg. The value 1 was given to the rate observed in the
first system and all other rates were recalculated to the same weight of
titaniumchloride (0.77 g.). The value given for the TiCl2 + TiCIXH3
catalyst is in fact even below the true value. The pressure drop during
the first two admissions of ethylene was too fast to be measured. The
yields are expressed as weight of polymer formed to weight of titanium
chloride used. The yields cannot be compared to those that would be ob-
tained in a hydrocarbon suspension, as diffusion to the catalyst surface
limits the yield. After the end of the runs it is impossible to recover the
catalyst completely, this being totally enveloped by polymer. A plausible
interpretation of this result is that in the TiCl2+ TiCIZCH3system a redox
reaction takes place, eq. (3).

TiCk + TiChCHa TiCh + TiCkCHj (3)

This would lead to the formation of Ti—CH3bonds in the catalyst sur-
face. An infrared study of this system could show the presence of methyl
groups in the catalyst. Unfortunately, we did not succeed in producing a
layer of TiCl2in the infrared cell. Various methods have been tried with-
out success. The following experiment shows however that the above re-
action is indeed a realistic concept. TiCIXH3vapor is introduced in the
infrared cell by the technique described earlier.3 A high-voltage high-
frequency discharge is applied, and a brown TiCI3 film is formed. The
infrared spectrum of this after removal of all volatile products is identical
to that obtained when TiClj is reduced with H2under these conditions and
contains no bands characteristic of methyl groups linked to titanium.
The brown film is inactive as catalyst when ethylene is admitted. When
TiCIXH3is admitted to such a film of brown TiCl3a very weak band at
7.3 n develops, indicating that some methyl groups are retained in the sur-
face. This system does not have a significant activity in polymerization
of ethylene.

If, however, a mixture of TiCIZLTH3and H2is submitted to the electrical
discharge a product is formed whose infrared spectrum has a band at 7.3 ju
doubtless the deformation of Cl13linked to titanium. This brown product
now is a very active polymerization catalyst. CZ2D i polymerizes readily
onit. The spectrum of the polymerization shows the bands of polydeutero-
ethylene. Moreover, the intensity of the 7.3 n band is greatly reduced,
and an additional band is found at 10.14 n. This band is also present in
spectra of TiCIH3 + CZ2D4 We are inclined to ascribe (Ti—)C—C
stretching to this band. The presence of the 7.3 n band in the catalyst, its
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decrease on polymerization, and the appearance of the 10.14 X band are
all compatible with reactions (4) and (5).

TiCICH3-f H2— TiCPCHa + HC1 %)
TiChCHs + nC24— TiCIACD22,CH: (5)
DISCUSSION

The purpose of this discussion is to clear the essential characteristics
of the chemical nature of the active center on the basis of the experimental
data that have been presented in this and the preceding papers. Factors
of crystal geometry and environment that are held responsible for the stereo-
regular polymerization on the active center are the subject of the following
paper in this series.5

Many theories have been advanced concerning the mechanism by which
the chain is propagated in Ziegler-Natta catalysis. These theories have
been adequately reviewed in their essential lines by Bawn and Ledwith.27
In a discussion like this it is impossible to study critically each single
proposition.

At present agreement is general on the essential nature of the propagation
reaction. This is seen as an insertion of the monomer in a metal-carbon
bond contained in the catalyst. Proofs for this are numerous and exist for
a great variety of catalysts. Essentially they come from two types of
experiments. In the one type it is demonstrated that alkyl groups present
in the catalyst are found fixed to the polymer chain6-8'242%5 (also this paper).
In the other type of experiments it is shown that on hydrolysis metal carbon
bonds are brokenl16T/ (also this paper). The experimental evidence for the
insertion mechanism is overwhelming and does away with hypotheses in-
voking a radical mechanism on the surface of the catalyst.

The agreement being quite general on the insertion mechanism, the
question arises: what is the metal on which growth occurs? Before dis-
cussing this, an important point must be stressed for which again experi-
mental evidence exists. Whatever be the metal in the active site that
carries the propagating chain, the transition metal atom plays an essential
role in the process of insertion. The results of Carrick et al. 2829 show that
the ethylene/propylene copolymerization ratios depend on the transition
metal and not on the metal of the metal organic compound. These re-
sults, although they are generally taken as a straightforward indication
that the propagating chain grows on titanium, merely prove however that
the transition metal atom is a constituent part of the active site. If bi-
metallic complexes are involved, one could imagine that a change in transi-
tion metal affects the other metal-carbon bond, making it more or less
reactive. Our results show that the active center obeys the essential
condition that it contains an accessible titanium atom.411 Whatever the
mechanism that one proposes for the chain growth, it must accommodate
a step in which an interaction occurs between the olefin and the accessible
titanium atom. Our data on the stoichiometry of the product of the
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catalyst-forming reaction coupled with the data obtained by exchange
studies and infrared spectroscopy clearly establish that the outer layer ‘of
the 001 face has the formula TiZIGAIR2 This surface compound is a
typical bridged bimetallic compound and its structure may be represented

by
Cl ch3

cl CH3

Situated in the 001 face it does not possess an accessible titanium atom.
The total absence of active centers in the 001 face, which is unambiguously
established by electron microscopy leads to the conclusion that such bridge
compounds cannot be active centers of polymerization when the titanium
atom is fully coordinated. Under these circumstances insertion in the
Al—C bond, albeit accessible to the olefin, must be excluded as a possible
mechanism.

In last analysis, the active site escapes experimental investigation due
to the fact that the catalyst surface is extremely complicated and that only
a small proportion of it is active. The discussion of the true nature of the
active site then becomes a critical evaluation of the two possible types:
bimetallic compound or titanium-carbon bond. It seems beyond doubt
that both types do function as catalytic species. Bimetallic complexes
synthesized by Natta and his collaborators® function as catalytic species
in solution. On the other hand, catalytic systems containing titanium
as only metal are known: TiCKCTR®or the highly active combination of
TiCl2and TiCUCTB have as active site a titanium-carbon bond. We have
reasons to believe that both structures are present in the surface of the
TiCh-aluminum alkyl catalysts which we have studied.

Our electron microscopic data reveal that active sites are only found on
the lateral faces of the crystals and on the growth spirals which crystallo-
graphically may be assimilated to lateral faces. We cannot exclude that
the rims, the border lines between 001 and lateral face, are also active, or
that they in fact present the only active region of the catalyst. This idea
has already been favored by Cram and Ivopecky.3l On the rims one can
easily visualize the bridge compound having now an accessible titanium
atom. One may postulate a rather facile exchange between chlorine atoms
in the bridge and outer alkyl groups in these locations. Indeed, whereas
chlorine atoms in the basal plane are all coordinated to two titanium atoms,
part of the chlorine atoms belonging to the lateral faces are coordinated to
only one titanium atom and are therefore more mobile. The concept of a
bimetallic site can therefore be retained as a possible catalytic mechanism.
The sort of mechanisms proposed by Natta and collaborators®and also by
Sinn and Patat® and also the mechanism proposed by Uelzmann33 in-
volving an ionic complex are plausible descriptions of the catalytic mech-
anism on such bimetallic sites. The combination of Ti and Al would be
extremely favorable for olefin activation and polymerization.
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The alternative mechanism by which the olefin is inserted in a Ti-alkyl
bond3present in the catalytic surface now requires attention. A complete
theory of this mechanism has been elaborated by Cossee.® Cossee’s
theoretical considerations of the stability of a titanium alkyl at the surface
of TiCl3where the titanium has a low coordination number is very relevant
to the TiCls AIR1 system. The study of the catalyst-forming reaction
between TiCl3and aluminum alkyl has proven that the first step is a re-
placement of Cl atoms by alkyl groups. The alkylated surface reacts
further with aluminum alky leading to the fixation of aluminum and alkyl
groups in the surface. What are the chances that titanium alkyl bonds
survive further attack by aluminum alkyl and remain as such in the final
catalyst? There is to our knowledge no direct experimental proof for the
presence of Ti-alkyl bonds in the TiCI3Al:VIe3 catalyst. If such bonds
constitute the active centers, their number would amount approximately
to ICC2of that of the total titanium surface atoms and hence they would
escape any direct experimental attack such as infrared spectroscopy. The
fact that the active sites are so few in this catalyst may be explained by the
survival of Ti—R bonds on the lateral faces, where the titanium atoms are
not fully coordinated. According to Garrick et al.,.3 a decrease in the
valency of titanium increases the stability of the Ti—C bond, and the cal-
culations of Arlman3¥ favor the lateral faces as the catalytically active
region.

The high catalytic activity for ethylene polymerization of the system
TiCl2 + TiCIXH3 which formally is equivalent to the alkylated surface
of TiCl3or to the intermediate I"CUCHa that is formed in the reaction
between TiCl3and A1(CH33 gives strong support to the Cossee mechanism.

Growth on a reactive titanium-carbon bond explains best in the light of
our data the high reactivity of Ziegler-Natta catalysts. The titanium
atom needs to have a chlorine vacancy through which the Ti—C bond be-
comes accessible to the olefinic double bond. These are the essentials of
the active site proposed by Cossee. Such sites are to be found on the
lateral faces and on the growth spirals of the TiCl3crystals after its re-
action with an alkylating metal organic compound. However, this is only
the essential nature of these sites. It is indeed illogical to ignore the pres-
ence of the alkylating organometallic or its reaction products in some form
on or in the immediate neighborhood of the active site. The coordination
of aluminum compounds, for instance, to the Ti—CI structures of the
lateral faces, must certainly exist and may lead to a partial or total cover-
age of the Cossee-Arlman site. It is in terms of the steric crowding of this
active site that we shall try in the next and last paper of this series5to dis-
cuss the activity and stereospecificity of Ziegler-Natta catalysts.

Our opinion is that it is dangerous to defend the occurrence of a unique
type of active center in the broad class of Ziegler-Natta catalysts. The
great differences in stereoregulating power observed when different alkyl-
ating agents are used in conjuncture with a given TiCI38Bcannot be satis-
factorily explained solely by steric inversions due to exchange reactions in
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which the growing chain takes part. Also, the acceptance of, for instance,
a simple Cossee site of general application does not explain the notorious
low activity of TiCl3zinc alkyl catalysts as compared to TiCl3aluminum
alkyl catalysts. That the nature of the active center depends to some ex-
tent on the alkylating agent seems beyond doubt. We assume that even
in a given catalyst combination several types of centers, mono- as well as
bimetallic, may be at work concurrently.

Many thanks are due to Air. J. Gabant. and to Alias C. Moons who with great skill
participated in the experimental work.
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Résumé

La détermination du nombre de sites actifs dans le catalyseur formé a partir de
a-TiCl8et AI(CHj)s démontre que ce nombre est petit par rapport a la surface totale du
catalyseur. Ce résultat est confirmé par I'étude des spectres infra-rouges de catalyseurs
avant et apres polymérisation. Les photos obtenues par microscopie électronique dém-
ontrent, trés nettement I'absence de centres actifs de polymérisation sur les plans de base
001 qui constituent 95% de la surface totale. Les centres actifs sont formés exclusive-
ment sur les faces latérales. La structure de ces faces est caractérisée par des défauts
d’atomes de chlore et par une coordination inférieure a six des atomes de titane. La
condition de structure essentielle a laquelle doit répondre tout site actif parait étre
celle-la. 1l a été démontré a plusieurs reprises que la propagation de la chaine sur les
catalyseurs Ziegler-Natta se fait par un mécanisme d’insertion de I'oléfine dans une liai-
son métal-carbone. L’'étude de catalyseurs monométalliques obtenus a partir de TiCL-
CH3a démontré que la liaison Ti— C d’'un titanium alcoyl dans lequel le titanium est in-
complétement coordonné, constitue I’entité, active de ces catalyseurs. Dans la formation
de catalyseurs a partir de TiCl3 et A1R3 l'alcoylation des atomes de titane de surface
constitue un état intermédiaire. L’activité des catalyseurs Ziegler-Natta serait d’apres
nos résultats imputable a I'existence sur les faces latérales du TiCls de liaisons titanium-
alcoyl ainsi qu’au fait de la coordination incompléete des atomes de titane. La structure
des centres actifs est probablement compliquée par la coordination des dérivés aluminium
alcoyls avec la surface environnante.

Zusammenfassung

Die Zahl der aktiven Zentren in Katalysatoren, die aus «TiCls und A1R3 hergestellt
werden, ist gering im Vergleich zu der Gesamtoberflache. Dieser Befund erklart, warum
IR-Spekt,ren der Katalysatoren vor und nach der Polymerisation von Olefinen gleich sind.
Den deutlichsten Hinweis darauf, dass in diesen Katalysatorsystemen nur ein sehr gerin-
ger Anteil der Oberflache aktiv ist, liefert die Elektronenmikroskopie. Die Bilder zei-
gen keine Polymeren auf der 001-Flache, die etwa 95% derGesamtoberflache darstellt.
Aktive Zentren kommen lediglich auf den Seitenflachen vor, wo wegen der Existenz von
Chlorlicken niedrig koordinierte Titanatome vorhanden sind. Es ist von vielen Seiten
bewiesen worden, dass der Wachstumsschritt dieser Polymerisation eine Einschiebung
des Monomeren in die Metall-Kohlenstoffbindung ist. Die katalytische Wirksamkeit
von Systemen, die sich von TiCI H3ableiten und nut, Titan enthalten, muss uf die Bil-
dung einer Bindung zwischen Kohlenstoff und niedrig koordiniertem Titan zuruckgefiuhrt
werden. Bei der Reaktion von TiCI3mit A1RSwerden Ti-Atome an der Oberflache pri-
mar alkyliert. W&ahrend in der 001-Flache die Ti— C— Bildung durch weitere Reaktion
mit A1R3wahrscheinlich wieder geldst wird, nehmen wir aufgrund unserer Befunde an,
dass in den Seitenflachen Titanalkyle Uberleben und die aktiven Zentren darstellen.
Man muss aber bericksichtigen, dass Aluminiumalkylderivate an diesen Stellen koor-
diniert zur Oberflache vorliegen und bei der Polymerisation durchaus eine Rolle spielen

kénnen.
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Studies on Ziegler-Natta Catalysts. Part V.
Stereospecificity of the Active Center

L. A. AL RODRIGUEZ* unci H. M. VAN LooY.f Union Carbide European
Research Assciates, S. A., Brussels, Belgium

Synopsis

Experimental results on Ziegler-Natta catalysts, based on observations made with the
electron microscope, and a qualitative comparison of the stereospecificity of various cata-
lyst combinations are given. The polymerization of olefin in these experiments is per-
formed in the gas phase on dry catalysts in the absence of solvent or excess aluminium
alkyl. The crystallographic structure of the lateral faces of a-TiCh is established by
electron microscopy and electron diffraction. The electron micrographs of a-TiCL-
AlMe3 catalysts show that the active centers, which are revealed by the dotwise forma-
tion of polymer, are located along the growth spirals, on lateral faces, and on surface de-
fects. These regions of the surface are the only regions in which the surface titanium
atoms are incompletely coordinated. The presence of chlorine vacancies and exposed
titanium atoms is therefore an essential condition for the formation of active centers.
However, the number of active centers is small in comparison to the number of in-
completely coordinated titanium atoms, and hence it is concluded that the normally
occurring a-TiCL sites with one vacancy do not yield active centers on reaction with
aluminum alkyl. It is proposed that the reaction with aluminum alkyl on such sites
leads ultimately to a bimetallic complex which fills the original vacancy on the titanium
atom. That the complexation is reversible and that the deblocked alkylated site, which
is of the type proposed by Cossee, is an active center is not excluded. Such a center
would, however, give atactic polymer. Similar complex formation on a TiCL site having
originally two vacancies would leave one vacancy on the titanium atom. This is believed
to be the center of stereospecific polymerization. A model of this active center and a
mechanism of polymer growth on it are proposed.

INTRODUCTION

Since Natta’s original discovery of the stereoregulating effect of Ziegler
catalysts many efforts have been aimed at the elucidation of the factors
responsible for stereoregulation. In our experimental work we have
touched a number of catalytic systems that are based on TiCI3 (a and /3) or
TiCl2and the following organometallic compounds: A1(CH33 A1C1(CH32
A1(CH B3 Tic-IXxH3and Zzn(CH32 The study of these catalystsl-3 has
yielded information on the chemical species contained in the surface.
We reached the conclusion that a reactive titanium-alkyl bond constitutes

* Present address: UCB Pharmaceutical Division, 68, rue Berkendael, Brussels,
Belgium.
f Present address: Institut Francais du Pétrole, Rueil-Malmaison, S. et O., France.
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the essential nature of the active center of olefin polymerization.4 How-
ever, it appears difficult to explain on this basis, which probably permits
an adequate description of the systems TiCI3 + TiCIXH3 and TiCb
+ TiClX-H3 the sum of observations concerning the marked differences in
activity and the spread in stereoregulating power of the various catalytic
systems. This paper brings a contribution to the study of this interesting
phenomenon. The discussion is guided mainly by observations made by
electron microscopy and to some extent by measurements of tacticity of
polypropylene samples obtained on various catalysts.

ELECTRON-MICROSCOPIC STUDY OF
POLYMERIZATION

Experimental Technique

The method of carbon replicas was used throughout. The apparatus
which permits the obtention of samples in a form such that carbon replicas
may be made is shown in Figure 1. The whole apparatus is evacuated to
start with. Ethylene or propylene is stored in vessel F. The apparatus is
filled with nitrogen which is purified by passing it through aluminumtri-
ethyl and subsequently through traps cooled by liquid air. The nitrogen
pressure is maintained at slightly above atmospheric pressure. Breakseal
C is broken with a metal rod which glides smoothly in rubber tube D. The

Fig. 1. Apparatus for the obtention of catalyst samples in a form suitable for replica-
tion: (A) TiCb; (B), (C) glass breakseals; (D) rubber tube; (F) olefin; (G) tri-
methyl aluminum (J,. .,6) six tubes for catalyst sample preparation; (K) copper disk;
(Bi), (Ci), (Gi) sealing positions.
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rod carries a spoon at its end with which, after breaking seal B, small quan-
tities of TiCI3from A can be dropped into the six tubes J. Each tube J has
a flat bottom and contains a thin copper disk K welded to a tungsten wire.
The rod is taken back to its original position at C and the apparatus is sealed
off at Bi and Ci. Some of the tubes J, containing Ticl3at this stage, are
sealed off at | under vacuum. Trimethylaluminum stored in G is admitted
to the remaining samples of TiCIl3 recovered in G after a chosen time, and
removed by sealing at Gi. Olefin is admitted from F, and the remaining
tubes J are removed one after the other after given times of polymerization.
The tube J is then introduced in a vacuum-bell fitted with a mechanical
device which allows opening of the ground glass joint under vacuum and
its closing after carbon has been deposited on the sample. When this is
done the tube is removed and opened in a nitrogen atmosphere. Disk K
is dipped in a benzene-methanol mixture and the catalyst is dissolved.
The replica is washed with a solution of aqueous HC1 in methanol. The
carbon replicas were usually observed in a FM 100 Philips electron micro-
scope.

Results

Electron micrographs of a-TiCl3 are shown in Figures 2 and 3. They
show more or less regular hexagonal leaflets. The large 001 faces generally
lie in the plane of the photographs. Some of the smaller crystals stand
upright or are inclined and their thickness may be estimated. Some lateral
faces do not seem to be perpendicular to the 001 plane. The large crystal
of Figure 2 has oblique faces on at least three sides. The 001 faces do not
exhibit structural details. After a smooth attack by traces of humidity,

Fig. 2. a-TiCL, electron micrograph before reaction. Specially regular crystal. 40,000 X
Carbon replica.
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however, spirals are revealed (Fig. 4). The origins of the spirals are located
close to the centers of the hexagonal crystals. At their beginning the spirals
are circular and after a few turns they become polygonalized and parallel to
the edges of the crystals. It is clear that these spirals are growth spirals
which are due to a commonly operating mechanism of crystal growth.
They must be present on pure a-TiCl3but invisible before the attack by
traces of humidity. Very surprisingly, a-TiCh crystals that have reacted
with aluminum-trimethyl appear identical in the electron microscope to

Fig. 3. a-TiCh, before reaction. Some crystals are seen upright and present, their lateral
faces. 36,000X. Carbon replica.
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unreacted ones. This fact is, however, easily explained because the only
change due to the surface compound, which fully covers the 00l face3is a
protruding methyl group. In Figures 5-7 replicas obtained after poly-
merization of propylene are shown. Propylene is a very convenient mon-
omer because it does not polymerize too quickly. Also, the carbon replicas
can be freed from adhering polymer by washing them with solvents of
polypropylene. These three pictures which were already published pre-

Fig. 5. a-TiCb crystals, after reaction with AlMca and polymerization of propylene.
50,000 X . Carbon replica.

Fig. 0. a-TiCh crystals, after reaction with AIMe3and polymerization of propylene.
50,000X. Carbon replica.
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viouslybshow a great number of dots, undoubtedly the traces of growing
polypropylene. The dots are mainly localized on spirals which in all their
characteristics correspond to the growth spirals revealed by chemical attack
on a-TiCU crystals.

In addition a great concentration of growing polymer is found on the
perturbed region of the crystal shown in Figure 6. This region must have a
great number of surface defects.

Fig. 7. a-TiCb crystals, after reaction with AlMe3 and polymerization of propylene.
50,000 X. Carbon replica.

Fig. 8. a-TiClj crystals, after reaction with AIMe3 and polymerization of ethylene,
50,000X. Carbon replica.
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It is somewhat more difficult to judge whether the lateral faces are rich
in polymerization sites or whether only the rims are active. In Figures 5
and 6 the rims appear especially loaded with polymer. Very probably this
is due to a great concentration of polymerization centers in the lateral faces
which causes the overlapping of polymer on the rims. There is no doubt
that active polymerization centers are located along the growth spirals, on
lateral faces and on surface defects. Moreover, it is obvious from a study

Fig. 9. a-TiCL crystals, after reaction with AIMe3 and polymerization of ethylene.
50,000X. Carbon replica.

Fig. 10. a-TiCL crystals, after reaction with AlMe3and polymerization of ethylene.
50,000X. Carbon replica.
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of Figure 7 that the concentration of centers on two adjacent sides of the
polygonalized spiral is equal. This means that the structure around the
active center is independent of the direction of the edge.

The same facts are observed when ethylene is polymerized (Figs. 8-10).
Polymerization is, however, too fast in this case, and the polymer soon
obscures the structural details of the catalyst surface. Proper handling of
the carbon replicas is rendered difficult by the lack of a good solvent for

Fig. 11. Electron micrograph of mechanically ground a-TiClj. 11,00()X. Carbon
replica.

Fig. 12. Electron micrograph of a ~-Tidj-AlMej dry catalyst, after polymerization of
propylene. 16,000X. Carbon replica.
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Fig. 13. Electron micrograph of a (S-TiCL-AlMea dry catalyst, after polymerization of
propylene. 50,000X. Carbon replica.

polyethylene. One sees clearly the formation of polymer dots linked into a
ribbon all along the growth spirals and the proliferation of polymer on the
lateral faces.

Figure 11 is an electron micrograph of ground a-TiCl3 The grinding was
done under vacuum with the use of steel balls. The central big crystal has
been cut diagonally and perpendicularly to the 00l face, increasing the
lateral surface. In the middle of the same crystal a wedgelike fragment
has been clipped off, laying bare several small lateral faces, and an enormous
defect is thus created. The picture is a demonstration of how the number
of active sites can be increased by grinding a-TiClI3 prior to its use as a
catalyst. Early in the study of stereospecific polymerization Natta and
collaborators used grinding of a-TiCl3to this effect.6

The study of /3-TiCI3by the same methods does not give detailed infor-
mation. (S-TiCh appears as a material with no structure. Growth of
polymer on j3-TiCI3Ak\le3catalysts merely shows that the number of active
sites in this system is high. No organization of the polymer is seen in
Figures 12 and 13, although the amount of propylene polymerized was kept
as small as possible by using very short contact times.

STRUCTURE OF THE LATERAL FACES OF a-TiCl3

The results obtained by electron microscopy show that the lateral faces
are the only crystallographic region where polymerization sites are found.
The steps formed by the growth spirals, being parallel to the edges of the
crystal, must crystallographically be assimilated to lateral faces. It is
therefore of utmost importance to know the structure of the lateral faces.
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At the opposite of the 001 basal plane, the lateral faces for reasons of
stoichiometry present chlorine vacancies through which the surface tita-
nium atoms become exposed and accessible from the outside. This situation
has been very thoroughly discussed by Arlman.78

A priar, two ways are seen in which the lattice of a-TiCl3can be cut
in order to get hexagonal crystals. One gives lateral faces running parallel
to the sides of the hexagones formed by the titanium atoms, and the other

Fig. 14. Model of the lateral face of a-TiCl* if this face is parallel to the sides of the
titanium hexagon.

I'ig. 15. Model of the lateral face of a-TiCl» if this face is perpendicular to the sides of the
titanium hexagon.
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The structure of the lateral
In this structure,

gives lateral faces perpendicular to these sides.
faces obtained in the first case is shown in Figure 14.
which forms the basis of Arlman’s discussion, pairs of octahedryl inter-
stices are occupied by exposed titanium atoms with one site empty in

between. In the second case, titanium atoms are found at a regular repeat

distance while the chlorine atoms form a zigzag along the edge (Fig. 15).
Which of the two is actually occurring can be determined by electron dif-

fraction. When a crystal, fixed in space, is studied by electron microscopy

and by electron diffraction one can measure the angle formed between an

Fig. 16. Transmission electron micrograph of an a-TiClj sample.

Fig. 17. Electron diffraction pattern taken on the sample shown in Fig. 16. Aluminum

added as reference.
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edge located by microscopy and a crystallographic plane recognized by
diffraction.

Experimentally this is done in the following way. Crystals of TiCU
suspended in heptane are deposited on a grid and introduced in a Siemens
electron microscope. A crystal with well-developed hexagonal faces is
located and the direction of its faces is determined (Fig. 16). The electron
beam is then brought into focus close to a chosen crystal edge, and the dif-
fraction pattern is photographed (Fig. 17). An angular correction has to
be applied to the apparent rotation of the diffraction and transmission
images. It is dependent on the apparatus and the enlarging factor. The
results obtained with a-TiCb and also with 7-TiCl3are in keeping with the
structure of Figure 14. The lateral faces are parallel to the sides of the
hexagons formed by the titanium atoms in the lattice. Measurements
done on several crystals of & and 7-TiCl3give angles of 3-6° between the
direction of the edge and the direction of the hexagonal titanium array.
This angle would be 30° if the structure shown in Figure 15 were the one
actually occurring.

The structure of the lateral faces of a-TiCl3is thus well established as far
as the geometric disposition of the titanium atoms is concerned. However,
the disposition of the chlorine atoms is open to discussion. Arlman8has
elaborated the various possible chlorine arrangements which can all be
derived from the regular arrangement shown in Figure 14 by shifting
loosely bound chlorine atoms, i.e., chlorine atoms coordinated to only one
titanium atom, into the vacancies of their titanium neighbor. If astacking
of several TiCl3layers is considered, one finds that in all of the possible
arrangements every loosely bound chlorine atom is in close contact with
another loosely bound chlorine atom. It is therefore questionable whether
there are enough reasons to prefer one arrangement above all others.
Whatever be the true situation, a certain mobility of the loosely bound
chlorine atoms may be expected. The conclusions drawn by Arlman on
the geometry around the exposed titanium atoms may therefore be retained
as the best possible description of the potential active site in systems based
on a-TiCl3

COMPARISON OF THE STEREOREGULATING POWER OF
VARIOUS CATALYST COMBINATIONS

The stereospecificity of a given Ziegler-Natta catalyst may in principle
be linked to two factors. One is the intrinsic stereoregulating power of the
active center, which determines to what extent the monomer is incorporated
in always the same geometric conformation into the growing chain. The
other factor is the occurrence of steric inversions most probably due to
exchange reactions involving the growing polymer chains and leading to
their detachment from one active center and their attachment to another
center. The existence of metal-bound polymer in solution has been clearly
established69-11 during polymerizations such as they are generally st-udiey,
i.e.,, in a hydrocarbon medium containing free alkylating agent.
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Polymerization of propylene from the gas phase on dry catalysts in the
absence of free alkylating agent, a condition which was met in all our
studies of dry catalysts, should in principle provide a method for the evalua-
tion of the intrinsic stereospecificity of the polymerization centers involved.

An attempt was therefore made to measure the tacticity of samples of
polypropylene obtained with various dry catalyst combinations. This
meets with some difficulties. First of all, with the use of relatively little
catalyst (about 1 g. of titanium chloride was used in our lab-scale experi-
ments) only a small amount of polymer is obtained. Polyethylene can be
obtained with a reasonable yield but not polypropylene. In both cases the
rate of polymerization at less than atmospheric pressures of olefin, rather
high at the start, slows down enormously as polymerization goes on. This
is probably due to increasingly difficult diffusion of the monomer to the
active center covered by the growing chain. Using excess alkylating agent
in a hydrocarbon solvent one must regenerate poisoned centers and con-
tinuously form new ones during the polymerization, maintaining thus a
high rate. Both effects are absent when a dry catalyst is used. For each
of the runs giving rather little polymer, the only available practical method
for tacticity measurement is the method of infrared absorbance ratios.?
It is questionable whether, taken alone, this is a safe method for evaluating
tacticity. Moreover, it is impossible to free the polymer satisfactorily
from catalyst by conventional methods. The background line of the in-
frared spectrum of the polymer sample is therefore not as good as might be
desired for intensity measurements. One has to restrict the method to the
10.03 W10.27 p ratio, since these bands are very close to each other and
their intensity ratio is therefore less dependent on a badly defined back-
ground line. This absorbance ratio is considered rather well related to the
isotacticity of the chains by several authors.12“16 It seems, however, that
the method based on the 8.5 p band is to be preferred for polymers of low
isotacticity.16

The 10.03 ju/l10-27 g absorbance ratios measured for different samples
of polypropylene and the catalyst combinations used are given in Table I.

TABLE 1
Sample Catalyst. TioB WIIO27 n
1 <*TiCI3AIMe3 0.95
2 a-TiCI3AIMe3 0.88
3 a-TiCl3A1M e3C6 He 0.82
4 a-TiCL-AlMes 0.80
5 a-TiCl3ZnMe2 0.79
6 a-TiClsAlMe,ClI 0.73
7 /13-TiCls-AlMe3 0.73
8 TiCl2 AlMe3 0.68
9 /3-TiCl3ZnMe2 0.59
10 TiCI2TiCICH3 0.57
11 TiCI2TiCIXH3 Not measurable
12 (S-TiCL-TiCIsCHs Not measurable
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The a-TiCh used was prepared by the method given earlier,I7 the /3-TiCli
was prepared by submitting a mixture of TiCl4and H2to a silent discharge,
the TiCl2of samples 8 and 10 was obtained by disproportionation of a-TiCl1
at around 400°C., whereas the TiCl2 sample 11 was obtained in the same
way from violet Stauffer TiCI3 All catalysts were dry catalysts except
catalyst 3, which was a suspension in benzene with excess AIMe3present.

The results, in view of the above discussed difficulties, do not pretend
to be accurate measurements of tacticity. They permit, however, a quali-
tative comparison of the intrinsic stereoregulating power of the various
catalysts. The rank occupied by the a-TiCI3AIM e2CI catalyst is probably
erroneous, in view of the well-established scale of stereospecificity Al-
(CHH2A > AICHH2Br > AL(CHHX1 > AL(CHH3B As absolutely
certain stands out the low stereospecificity of all catalysts containing only
titanium. In fact, the polypropylene samples obtained with this class of
catalysts are all waxy. It is unfortunate that the a-TiCI3TiCIXH3
catalyst is not included in the table. The activity of this combination for
propylene polymerization is practically nil. From earlier observations we
know that it gives also rise to a waxy polymer.

All bimetallic systems based on a-TiCfi give polymers of high tacticity.
In the bimetallic systems based on /3-TiCl3a difference was found between
AlMe3and ZnMe2: whereas the former gave a hard polymer, the latter
gave a rubber. The comparison between TiCI2AIMe3and TiCl2ZnMe?2
could not be made because no polymer could be obtained with the last one.

The qualitative comparison of the rates of polymerization that could
be made while running these polymerizations give the following orders:

a-TiCl3catalysts:

AlMe3> AlMe.Cl » ZnMe2> TIiCIXH3
fl-TiCl3catalysts:

TiChCHa > AlMc:. > ZnMeo
TiCl2catalysts:

TiChCHs >Al1 Me3

STEREOSPECIFICITY OF THE ACTIVE CENTER

It seems probable that the situation around the exposed titanium atoms
in the lateral faces of a-TiCI3is one of those described by Arlman. After
alkylation such sites may become active. Arlman and Cosseel9-2l have
given a detailed theory of stereospecific polymerization. The asymmetry
of centers involving a titanium surface atom, an alkyl group, and a vacancy
is the reason given for stereospecificity. The theory is in accord with the
fact that the tacticity of polypropylene is linked to the titanium halide
chosen, @& and 7-forms being more stereospecific than /3-TiCI3 That
centers of the Arlman-Cossee type are active in polymerization is supported
by the fact that combinations such as TiCI3+ TiCIX H3and TiCI2+ TiCI3
CH 3 which contain only titanium as metal, are active catalysts. The inter-
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action between TiCl3and TiCIXH3may be of two types: exchange, TiCI3
+ TiCIXH3— TiCbCH:, + TiCb, or epitactic adsorption of TiCIZXH3on
the faces of TiCI3 having exposed titanium atoms. The interaction be-
tween TiCl2and TiCIX H3is presumably of the second kind.

In the TiCI3Al1t3systems alkylation of the surface certainly occurs as a
step in the overall reaction. The alkylation reaction does not need the
presence of a chlorine vacancy. We have shownlthat the fully coordinated
001 face undergoes chlorine-alkyl exchange in the first step of the catalyst-
forming reaction. Alkylation of the exposed titanium atoms on the lateral
faces leads to the centers described by Cossee and Arlman, containing four
chlorine atoms, a chlorine vacancy, and an alkyl group octahedrically dis-
tributed around the titanium atom. Obviously the alkylating power of the
metal alkyl plays a role in the number and localization of the titanium-
alkyl bonds in the surface of TiCI3

A close study of the photographs reveals that on the well-formed a-TiCI3
crystals (Fig. 5-7) the polymer grows in localized dots. Because of the
long reaction time and the excess of monomer during polymerization it
seems difficult to assume that only few active centers are able to initiate a
polymer chain while many others remain unused. Complete coverage by
polymer is found on defect-rich regions of a-TiCl3and on the surface of
(3-TiCl3catalysts. It is therefore safe to assume that all active centers do
initiate polymerization. The dotwise formation of polymer indicates then
that only few of the exposed titanium atoms in the lateral faces form effec-
tive active centers on reaction with aluminum alkyl. A reason has to be
sought for the scarcity of the effective active centers. We believe that on a
great number of exposed titanium atoms the addition of reaction products
(AIMeZXl or AlMeCU) deactivates the Cossee-Arlman centers by filling
their chlorine vacancy. It is now well known that complex formation of
active centers with amines profoundly changes the number and the nature
of the centers.182 Also, the strong inhibiting effect of AIEtCL due to
complex formation with the active center has been demonstrated.ll This
complex formation with the chloroalkyl aluminum compounds is seen as
reversible, so that more specially in the presence of a solvent the active
center might be deblocked by desorption. The nature of the alkylating
agent would thus also by its complexing power intervene in the polymeriza-
tion. The way in which the active site is blocked may be visualized in the
case of chlorodimethylaluminum as shown in I,

c1 cr
I

where CI' represents the filled vacancy and R' a chlorine atom or an alkyl
group fixed by alkylation. This situation is in fact similar to the one de-
scribed some years ago by Natta and his collaborators as epitactic adsorp-
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tion.Z It gives a surface compound similar to the one which we admit to
be present all over the 001 face of the a-TiCI3AIMe3catalyst.3 Because
polymerization necessitates a close approach of the monomer to the transi-
tion metal, 4524 which is possible only if the blocking agent has left the
vacancy, no catalytic activity is to be expected for the complex com-
pound as such. It could be an active species if the titanium atom carries
originally two vacancies. This particular situation which might very
well exist in perturbed regions of the crystal will be proposed in this dis-
cussion as the stereospecific center of polymerization.

The blocking of the ArIman-Cossee center could also explain the differ-
ences between TiCl3ZnMe?2 and TiCI3AIMe3 catalysts. A sizeable dif-
ference in polymerization activity, for ethylene as well as for propylene,
exists between these two systems. This is difficult to explain if Arlman-
Cossee centers were the general rule. Zinc alkyls are as powerful alkylating
agents as aluminum alkyls, and alkylation of the surface must take place in
both systems. A brief study of the dry TiCl13ZnM e2catalyst has led us to
the conclusion that a great amount of zinc is retained in this catalyst.
The infrared spectrum of the catalyst shows no Zn-C bonds, and this
would indicate that, zinc is retained as zZ1ICI2 in the surface. Effective
blocking of the vacancies by ZnCI2is our tentative explanation for the low
activity of TiC13-ZiiM c2dry catalysts.

The description of the active center as an Arlman-Cossee center, in-
active when blocked and active when unblocked, although satisfactory in
explaining catalytic activity, is not sufficient for explaining stereospecificity.
In all likelihood Arlman-Cossee sites are present in the systems TiCU
+ TiChCH:x and TiCl2 + TiCIXH3 Compared to bimetallic catalysts
(TiCU + AIK3 TiC-Is + AIKsCI, TiCls+ ZnR->) they are poorly stereoregu-
lating catalysts. Moreover, in the theory of ArIman and Cossee a special
arrangement of the chlorine atoms in the surface of a-TiCR is required to
confer stereospecificity to the active center. It is our opinion that with the
other chlorine arrangements, which are energetically of equal probability,
the Arlman-Cossee center does not present asymmetry and must yield
atactic polymer.

It is also difficult to explain with the theory of ArIman and Cossee why
TiCb-AlIMc3catalysts are stereospecific. The chlorine atoms in the lateral
faces of TiCl2 are all linked either to three or to two exposed titanium
atoms.8 The replacement of a twofold coordinated chlorine atom by an
alkyl group gives a surface alkyl group linked to two identical titanium
atoms that are symmetrically placed with respect to the alkyl group and to
the vacancies. A stereospecific placement of the entering monomer on such
an active center appears impossible.

A model study of /3-TiCl3catalysts also permits tests of the validity of
the concepts of Arlman and Cossee as a general working hypothesis in
explaining Ziegier-Natta catalysis. The crystallography of /3-TiCI3 has
been established by Natta et al.® A brief description and a schematic
representation were given in one of our earlier papers.2 The titanium
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Fig. 1S. Proposed model of the top face of 0-TiCla crystal: (&) no vacancy site; (6)
one-vacancy site; (c) two-vacancy site; (d) three-vacancy site.

atoms in the lattice are octahedrically coordinated to six chlorine atoms.
The external titanium atoms, at the top and at the bottom of the vertical
stacks, are, however, incompletely coordinated if the stoichiometry is to be
observed, and on the average are linked to 4y 2chlorine atoms. The four
possible arrangements around these surface titanium atoms are repre-
sented in Figure 18. For statistical reasons the surface sites with one (b)
and with two (c) vacancies should be favored. If an ArIman-Cossee center
is formed on these sites by replacing a chlorine atom by an alkyl group no
stereospecific center is obtained. In both cases a propylene molecule may
be seen coordinated in the vacancy in two ways, having the methyl group
at will either to the right or to the left. Very special configurations around
the titanium atom will have to be imagined in order to explain stereo-
specificity in the case of 3TiCI3A IR 3catalysts if Ariman-Cossee centers are
considered. An explanation of the stereospecificity of these catalysts, ad-
mitted as being low but nevertheless existing, may also be offered in terms
of complexation of aluminum alkyl derivatives on the Arlman-Cossee
centers. The idea of the blocking of the center with one vacancy, which
is well supported for the a-TiCh catalyst for reasons exposed above, may
be applied also to the /3-TiCl3 catalyst. In the d-TiCh surface, exposed
titanium atoms with two vacancies must frequently occur. The complexa-
tion of an aluminum alkyl halide on these sites would give an active center.
The chemical formula of this active center (see also model on Fig. 19) is in
fact analogous to that of the soluble complexes synthesized by Natta and
his collaborators. Whereas these complexes in solution present two poten-
tial vacancies on the titanium atom, the surface center as depicted has only
one vacancy. We propose this center as the principle of stereospecific
polymerization of Ziegler-Natta catalysts. Its formation is linked to the
presence of surface titanium atoms with two vacancies in the surface of
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®)

Fig. 19. Proposed model of a stereospecific active site: (a) top view; (6) lateral view.

TiCI3 whether a or B 1t is not unsound to consider the presence of a
sufficient number of two such vacancy sites in titanium trichlorides.

R R
Cl—Ti—O
/ \

Cl Cl

First, the observed stoichiometric ratios CIl/Ti are always somewhat less
than 3 for TiCI3 of various modifications. Secondly, crystals with well-
developed faces like those of Figure 2 are exceptions and imperfect crystals
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are the rule in catalysts based on TiCl3 An interesting feature of the pro-
posed stereospecific center is that it cannot be further blocked by alu-
minum alkyl compounds. Indeed, even if the titanium atom can undergo
coordination by virtue of its vacancy, steric hindrance between the sub-
stituents on the aluminum atom would prevent this coordination. In
the next section a plausible mechanism of polymerization on the proposed
stereospecific center is developed.

MECHANISM OF STEREOSPECIFIC
POLYMERIZATION OF PROPENE

The mechanism proposed is as follows:

Cl cl

+ AIRj + ARCL + CH2=CH-CH3
cl et X
cl

R\ / R
Al

C XSsva
e ch,
ci

where the filled circle (=) denotes Ti.

(1) The monomer, entering into the vacancy (Fig. 20) interacts with
the titanium atom, forming a ir-complex. The essentials of this reaction
were extensively analyzed by Cossee.® In addition to the condition of
maximal overlapping of the bonding orbitals the orientation of the propyl-

ene molecule is governed by polar interaction between the double bond
S 5> 5+ S

CH2CH —CH3and the Ti—C bond.® The stereospecific orientation of
1

the methyl group is dictated by the requirement of minimal steric inter-
action with the external groups carried by the aluminum atom.

(2) Insertion of the ir-complexed olefin in the Ti— C bond takes place as
proposed by Cossee. In addition, a simultaneous rupture of the A1—C
bond is postulated. The alkyl group ('ll.. -CIIR— CH3is now linked only

i

to titanium and carbon atom 1 occupies the original vacancy.

@ An active center may be regenerated in two ways, (a) The alu-
minum atom with its two outer substituents rotates along the Cl— Al bond
and anchors itself to the surface, with carbon atom 1 now forming the bridge.
The new active center is then sterically different from the original one be-
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Fig. 20. Proposed model of a stereospecific active site, with a propylene molecule occupy-
ing the vacancy.

cause vacancy and bridging carbon atom have changed places. (b) Car-
bon atom 1 shifts to the position originally occupied by the &C atom of R.
This rearrangement is to be preferred because a driving force for the back
shifting of the chain is seen in the coordination of carbon atom Ci to the
aluminum atom. The active center is thus restored and this is the nec-
essary condition for stereospecificity.

The same mechanism may apply to soluble bimetallic catalysts. The
titanium atom in this case carries two potential vacancies symmetrically
placed with regard to the plane of the bridge. Therefore the olefin can
interact with the titanium atom on one side or on the other and no stereo-
regulation is to be expected.

In view of the complexity of the problem of Ziegler-Natta catalysis a
summary of our essential conclusions on the nature and the structure of the
active centers is in order.

(l) We do not believe that there is only one unique type of active center
at work. Arlman-Cossee centers and bimetallic centers such as described
by Natta and his collaborators and by Patat and Sinn may both be present
in TiCU “Al1RScatalysts.

(2) Blocking of the Arlman-Cossee centers by aluminum alkyl halides
must be the general rule because of the strong tendency of coordination.
An inactive bimetallic complex results. The blocking of the ArIman-Cossee
center is believed to be reversible. The unblocked Arlman-Cossee center
is nonstereospecific unless a special surface geometry orients the 7r-adsorbed
olefin for steric reasons.

(3) If the titanium atom originally carried two vacancies, a stereospecific
bimetallic active center is obtained.

(4) The presence of a Ti— C bond on an accessible titanium atom is the
condition sirequanon for polymerization. The formation of active centers
is for this reason restricted to the lateral faces and to perturbed regions of
a-TiCl3crystals, whereas the 00.1 face is totally inactive.
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This mechanism does not claim great originality. In fact, it contains
elements that are present in the mechanism proposed by Arlman and Cossee
and in the mechanisms of catalysis on bimetallic compounds proposed by
Patat and Sinn and also by Natta and his collaborators. Our only concern
was to obtain the best possible fit between theory and experimental data.

The electron micrographs would not have been obtained without the valuable collabo-
ration of Miss A. Fourdeux. Our thanks go to Mr. Terao who established by electron
diffraction the structure of the lateral faces of a-TiCh. The authors are grateful to Mr.
J. Gabant for his help in the difficult technique of sample preparation.
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Résumé

Une étude par microscopie électronique de catalyseurs Ziegler-Natta et une comparai-
son qualitative de la stéréospécifité de ces catalyseurs sont présentées. Les catalyseurs
observés ont été préparés en I'absence de tout autre produit qu’un chlorure de titane et
un alkyl aluminium et la polymérisation a été réalisée sur le catalyseur ainsi formé sans
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autre addition que celle d’'un monomeére. L’observation par microscopie électronique
de catalyseurs a TiCI3AlMe3 permet de constater que les centres actifs, révélés par la
présence du polymeére, se situent sur les spirales de croissance, les faces latérales et les
zones riches en défauts des cristaux de a TiClI3 Ces emplacements étant considérés
comme présentant de nombreux atomes de titane incomplétement coordonnés, le centre
actif doit comporter une lacune sur le métal de transition. Comme, cependant, le nom-
bre de centres actifs a ces emplacements est nettement inférieur au nombre des atomes
de titane incomplétement coordonnés, on admet que le site TiCl3a une seule lacune in-
itiale ne conduit normalement pas , lors de la réaction avec AIMe3, a un centre actif. On
propose que cette réaction forme par complexation un composé bimétallique qui ne com-
porte plus de lacune sur le métal de transition. Il n’est toutefois pas exclu que la réaction
Tle complexation soit réversible et que le site débloqué, du type proposé par Cossee, soit
actif en ce cas. Toutefois, ces centres produiraient du polymere atactique. Une réac-
tion similaire de complexation sur un site TiCl3a deux lacunes initiales conduit & un com-
posé bimétallique ayant une lacune unique sur le métal de transition. Ce type de centre
actif est repésenté par un modeéle et un mécanisme de polymérisation est proposé. Ce
type de site bimét allique conduirait a la formation de polymeére isotactique.

Zusammenfassung

Versuchsergebnisse Uber Ziegler-Natta-Katalysatoren, die auf elektronenmikroskopi-
schen Beobachtungen beruhen, sowie ein qualitativer Vergleich der Stereospezifitat der
verschiedenen Katalysatorkombinationen werden mitgeteilt. Die Polymerisation des
Olefins wird bei diesen Versuchen in der Gasphase an trockenen Katalysatoren in Ab-
wesenheit von Lésungsmittel oder Uberschissigem Aluminiumalkyl durchgefuhrt. Die
kristallographische Struktur der Seitenflachen von <*-TiCI3wird elektronenmikroskopisch
und durch Elektronenbeugung bestimmt. Die elektronenmikroskopischen Aufnahmen
von tt-TiCI3AIM e3Katalysatoren zeigen, dass die aktiven Zentren, welche sich durch die
punktweise Bildung des Polymeren zu erkennen geben, langs der Wachstumsspiralen an
Seitenflachen und Oberflachendefekten liegen. Diese Oberflachenbereiche sind die einzi-
gen, an welchen die Oberflachen-Titanatome unvollstandig koordiniert sind. Das Vor-
handensein von Chlorlicken und exponierten Titanatomen bildet daher eine wesentliche
Voraussetz ung fur aktive Zentren. Die Anzahl der aktiven Zentren ist aber klein im
Vergleich zur Anzahl der unvollstandig koordinierten Titanatome, und es wird daher
angenommen, dass die normal auftretenden <*-TiCI3Platze mit einer Lucke bei der Reak-
tion von Aluminiumalkyl keine aktiven Zentren liefern. Es wird weiters angenommen,
dass die Reaktion mit Aluminiumalkyl an solchen Platzen schliesslich zu einem bimetal-
lischen Komplex fuhrt, welcher die urspringliche Licke am titanatom ausfullt. Es ist
nicht ausgeschlossen, dass die Komplexbildung reversibel ist und dass der nichtblockierte
alkylierte Platz, welcher den von Cossee vorgeschlagenen Typ besitzt, ein aktives Zen-
trum bildet. Dieses Zentrum wirde aber ataktisches Polymeres liefern. Eine ahnliche
Komplexbildung an einem TiCl3Platz mit urspringlich zwei Licken wurde eine Lucke
am Titanatom ungeandert, lassen. Es wird angenommen, dass hier das Zentrum fur die
stereospezifische Polymerisation liegt. Ein Modell fur dieses aktive Zentrum sowie ein
Mechanismus fur das Polymerwachstum an demselben werden vorgeschlagen,
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Preparation and Polymerization of Some
Vinyl Ester Amides of Pinic Acid

J. H. GRIFFITH* and C. S. MARVEL, Department of Chemistry, Uni-
\arsity of Arizona, Tucson, Arizoma, . w. HEDRIcK, Naval Stores
Laboratory, U. S. Department of Agriculture, Olustee, Florida, and FRANK
MAGNE, Southem Utilization Research and Development Division, Agri-
autural Research Sarvie, U.S.D.A., New Orlears, Louisiana

Synopsis

The preparation of vinyl 2,2-dimethyl-3-morpholinocarbonyleyclobutaneacelate,
vinyl 2,2-dimethyl-3-piperidinocarbonylcyclobutaneacetate, and vinyl 2,2-dimethyl-3-
di-n-butylaminocarbonylcyclobutaneacetate has been achieved by selective animation
followed by vinyl interchange. Ilomopolymers and vinyl chloride copolymers containing
25 and 30 wt.-% of the vinyl esteramides were prepared and evaluated as nonrigid
plastics. The vinyl esteramides incorporated in vinyl chloride copolymers did impart
some plasticization, but their effect was far below the effect of added plasticizer to a
vinyl chloride polymer.

Roly(viuyl chloride) is plasticized by pinic acid diesterslbut copolymers
of vinyl chloride with various isomeric pinic acid esters (I, 11),

where R1is —CH=CH> and It2 is — CHI.-, —Ti-CJig, or —CHZXH—
(CsHsXCHs”CH;!, did not exhibit internal plasticization by the vinyl ester
incorporated in the polymer backbone.2

Since amides are often good plasticizers of polyvinyl chloride, the vinyl
esteramides of pinic acid, where the amine moiety is morpholine (llia),
piperidine (111b), or di-n-butyhunine (lllc) were prepared. The vinyl
chloride

0
] /
CH2= CHO-COCH, C-N
CH, cHi
llia
* Present address: Film Research and Development Laboratory, E. |I. du Pont de

Nemours & Co., Inc., Circleville, Ohio.
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] /(CH23CH3
CH2=CH O — COCH.
N(CH2XH;
CH;,  'CH.
Ilic
copolymers containing approximately 15 and 30 wt.-% of the vinyl ester-
amide were prepared to examine the ability of these comonomers to act as
internal plasticizers for the polymer.

The vinyl esters of 2,2-dimethyl-3-alkylaminocarbonylcyclobutaneacetie
acid were prepared by reacting the amines (morpholine, piperidine, and di-
n-butylamine) with ethyl 2,2-dimethyl-3-chlorocarbonylcyclobutaneacetate,
hydrolyzing the ethyl ester to the free acid, and vinylating the resulting
monoamides by vinyl interchange. The physical data on the various
derivatives are tabulated in Tables I and I1.

The conditions for preparing the morpholine reaction products are given
in the experimental section. The piperidine and di-n-butylamine deriva-
tives were prepared by the same processes.

It will be noted that the half amides of morpholine and piperidine were
solids. The vinylation of these materials was hampered as a result of their
poor solubility in vinyl acetate.

The vinyl esteramides were homopolymerized (see Table Ill) in a ben-
zene solution at 60°C. The polymers were soft, tacky solids and readily
adhered to glass surfaces.

The vinyl chloride copolymers containing approximately 25 and 30 wt.-%
of the vinyl esteramide were prepared in an emulsion system at 60°C. with
the use of ORR soap as the emulsifying agent and potassium persulfate as
the initiator. The copolymer compositions and some physical data are
listed in Table 1V. During the reprecipitation procedure flexible films were
obtained but were not examined. The copolymers were reprecipitated 15
times from tetrahydrofuran into water and three times into methanol be-
fore analysis. Each evaluation sample is a composite of 10-15 polymeriza-
tion batches which were combined during the reprecipitation procedure.

EXPERIMENTAL
Ethyl 2,2-Dimethyl-3-chlorocarbonylcyclobutaneacetate

The acid chloride, b.p. 114°C. at 2 mm., of monoethyl pinate, was prepared
by reacting thionyl chloride with the monoester obtained by esterification
of pinic acid with one mole of ethanol.3 The pinic acid was obtained from
hypochlorite oxidation of m-DL-pinonic acid. Gas chromatographic anal-
yses of esters of the pinic acid gave two peaks which presumably resulted
from the expected aSand traSisomers of the acid.

Ethyl 2,2-Dimethyl-3-morpholinocarbonylcyclobutaneacetate

Morpholine, 378 g. (4.35 moles) dissolved in 1 liter of dry benzene was
heated to reflux. The acid chloride above (400 g., 1.72 moles) was added
dropwise at a rate sufficient to maintain a gentle boil. When cooled to
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room temperature, morpholine hydrochloride, insoluble in benzene, was
removed by filtration and washed with benzene. After the solvent was
removed under reduced pressure, the product was distilled. The yield was
444 g. of a liquid.

2,2-Dimethyl-3-morpholinocarbonylcyclobutaneacetic Acid

The amide above (282.fi g.,, 1 mole) was dissolved in 300 ml. of 9fi%
ethanol and saponified by the addition of 40 g. of sodium hydroxide dis-
solved in 100 ml. of water. The temperature rose to fi0°C., and after 4 hr.
the pH dropped to about 8. After 16 hr. the batch was diluted with 169
ml. of water, the alcohol removed by distillation by using a packed column,
and the residue diluted further with 422 ml. of water. Extraction of the
alkaline solution with chloroform gave 9.5 g. of starting material. Acidifi-
cation, extraction with chloroform, and isolation by removal of solvent at
0.5 mm. 12fi°C. pot temperature gave 261 g. of waxy solid. Washing of
5 g. of the crude half amide with diethyl ether gave 3 g. of colorless solid,
presumably the CiSisomer, since it was present in the greater amount.

Vinyl 2,2-Dimethyl-3-morpholinocarbonylcyclobutaneacetate

The crude half amide above was vinylated by the vinyl interchange
procedure of Adelman.4 The crude amide was melted and added in a
molten state to the vinyl acetate. After addition of catalyst and allowing
to stand awhile, crystallization of one of the half amides, presumably the
CiSisomer, occurred. After 72 hr., the solid, about one-third of the charge,
was removed by filtration. The vinyl ester (filtrate) was isolated by the
usual procedure. The recovered acid was reacted with more vinyl acetate
and converted to vinyl ester. The results of vinylation are tabulated in
Table I1.

Solution Homopolymerization of the Vinyl Esteramides

Each of the vinyl esteramides was homopolymerized in the following
manner. A y 2g. portion of the vinyl esteramide, 10 mg. of 2,2'-azobis-
isobutyronitrile and 5 ml. of AR grade benzene were placed in a tube
connected by 24/40 standard taper joints to a stopcock.6 A stream of nitro-
gen was bubbled through the solution for 10 min. before the top section of
the tube was placed in position. The tube was cooled in a Dry Ice-acetone
bath and then evacuated to 1 mm. of pressure and the stopcock was closed.
After warming to room temperature, the tube was placed in a Fisher Iso-
temp oven at 60°C. for 48 hr. The viscous polymer solution was poured
into 50 ml. of methanol, and a gummy polymer separated on the beaker
walls. After three reprecipitations into methanol from benzene the residual
solvents were recovered under reduced pressure. The polymer remained
very soft and tacky. Inherent viscosities were determined on 0.5% solu-
tions in tetrahydrofuran in a No. 50 Cannon-Fenske viscometer. The
polymers are described in Table I11.
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Emulsion Copolymerization of Vinyl Chloride with the Vinyl Esteramides

The vinyl chloride copolymers containing 25 and 30 wt.-% of vinyl
2,2-dimethyl-3-morpholinocarbonylcyclobutaneacetate, vinyl 2,2-dimethyl-
3-piperidinocarbonylcyclobutaneacetate, and vinyl 2,2-dimethyl-3-di-n-
butyl-aminocarbonylcyclobutaneacetate were prepared in the following
manner.

Each evaluation sample was obtained by combining 10-15 individual
polymerization batches during the reprecipitation procedure. Each indi-
vidual polymerization batch contained a starting charge of 10 g. of mono-
mers (2.5 g. and 7.5 g. or 3.0 g. and 7.0 g. of the vinyl esteramide and
vinyl chloride, respectively). To a 110 ml. polymerization tube (Ace
Glass T1506) was added the appropriate amount of vinyl esteramide, 0.6
g. of ORR soap, 4.0 ml. of a 2.5% potassium persulfate solution and 43 ml.
of deoxygenated water. The vinyl 2,2-dimethyl-3-morpholinocarbonyl-
cyclobutaneacetate copolymers were prepared by using Triton X-301
(Rohm and Haas), a 20% solution of an alkylaryl sulfonate and 40 ml. of
water). The tube was cooled in a Dry Ice-acetone bath and a slight excess
of condensed vinyl chloride was added. The tube was capped with a
crown-type bottle top after the excess vinyl chloride evaporated.

The polymerization tubes were placed in a constant-temperature tumbler
bath for 72 hr. at 60°C. The copolymer emulsions were coagulated by
pouring into 400 ml. of a saturated salt solution. The copolymer batch
was filtered and washed two times with water and two times with methanol.
The copolymer was dissolved in tetrahydrofuran (10% solution) and re-
precipitated a total of 15 times into water and two times into methanol.

A 1l-gal. Waring Blendor was used for the reprecipitation into water.
The rate of agitation was about 7000 rpm. The methanol was stirred with
a spatula during the reprecipitations. The copolymers precipitated in
fibrous strands during reprecipitation into water and methanol under the
conditions described.

The copolymers were dried in air for 72 hr. and in a vacuum oven at room
temperature for 24 hr. before analysis. The inherent viscosities were
determined on 0.2% solutions in tetrahydrofuran in a No. 50 Cannon-
Fenske viscometer. The softening points were determined on a Koflcr
hot stage and are the temperature at which the copolymers began to flow.
The elemental analyses were determined by Micro-Tech Laboratories,
Skokie, Illinois. The copolymer data are listed in Table 1V.

Evaluation

These copolymers were found to be thermally sensitive, and preliminary
attempts to process them by conventional melting and molding procedures
at 280-300°E. resulted in severe degradation. Because of this development
and the limited quantity of material available, thermal processing was aban-
doned in favor of a film casting method.

The evaluations were obtained on specimens die-cut- from 37-54 mil
thick sheets prepared by casting on a confined mercury surface, a tetra-
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hydrofuran solution containing 15 g. of the respective copolymers, 0.075 g.
of stearic acid, and 0.15 g. of Advastab T-360 stabilizer (polymeric tin
mercaptide, Advance Division, Carlisle Chemical Works). After setting
for 48 hr. at room temperature to allow the bulk of the solvent to evaporate,
the sheets were stripped from the mercury surface and aged for 24 hr. at
room temperature. They were then heated in a forced draft oven for 12
hr. at 65°C. followed by another aging at room temperature for 30 days to
desolventize the film.

Even after these treatments, traces of solvent remained, as evidenced
by the strong aroma of tetrahydrofuran which emanated from the stressed
film in tension tests. The pattern of the results, however, appears to rule
out any significant solvent contribution in these tests.

Tensile strength, modulus of elasticity, yield point, and elongation
measurements were made in conformance with ASTM D-638 for rigid and
semirigid compositions, except for the use of a 1-in. gauge length rather
than the 2-in. called for in the test. Torsional stiffness measurements
were made in conformance to ASTM 1043-61T.

The results of these tests are presented in Table V. Examination of
these data and comparison with those for other vinyl copolymers previ-
ously investigated in this laboratory2'67'8 shows without question that of
these copolymers those incorporating a vinyl esteramide comonomer ex-
hibit the greatest degree of internal plasticization. The extent of this
plasticization is, however, still far short of what is desired. For all prac-
tical purposes, the currently studied copolymers are essentially rigid to
semirigid compositions and display neither the flexibility nor low-tem-
perature characteristics usually associated with externally plasticized
vinyl chloride copolymer compositions. Furthermore, they exhibit ten-
sile strengths which are, with but one exception, far below that exhibited
by a more effectively externally plasticized poly (vinyl chloride) compo-
sition. This behavior is in accord with a conclusion deduced by Doolittle9
from the mechanistic theory of plasticization which states that an in-
ternally plasticized polymer having adequate low-temperature performance
can be expected to exhibit a poor tensile strength considerably below that
of an externally plasticized composition of comparable low-temperature
performance.

The correlations between the degree of comonomer incorporation and
response in the overall physical characteristics of each respective copolymer
group is frequently anomalous and in general poor. It is not unreasonable,
therefore, to infer that these poor relationships or apparent inconsistencies
might well be reflections of variably masking effects caused by other poly-
meric parameters either molecular weight distributional differences or
nonhomogeneous comonomer distributional patterns within the copoly-
mers, or possible combinations of both. For example theoretically these
polymeric compositions could be, (1) true copolymers of statistically dis-
tributed comonomeric units, or (Z) true copolymers with badly distorted
nonstatistical comonomer distribution, or (3) just physical mixtures of
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homopolymers as well as mixtures of some or all of these in varying de-
grees.

The authors wish to express their appreciation to Miss Carolyn R. Mobley and Mr.
John B. Lewis for assistance in preparation of some of the morpholine derivatives and
to Mr. Acy J. Green for help wiith the piperidine and di-n-butylamine products.

This is a partial report of work done under contract with the Utilization Research De-
velopment Divisions, Agricultural Research Service, U. S. Department of Agriculture,
and authorized by the Research and Marketing Act. The contract was supervised b}’
Dr. J. C. Cowan of tHe Northern Division.
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Résumé

La préparation d’'acétate de vinyl-2,2-diméthyl-3-morpholinocarbonylcyclobutane,
d’acétate de vinyl-2,2-diméthyl-3-piperidinocarbonylcyclobutane et de I'acétate de
vinyl-2,2-diméthyl-3-di-n-butylaminocarbonylcyclobutane a été réalisée par amination
sélective suivie d’interéchange vinylique. Les homopolymeéres et les copolvmeéres de
chlorure de vinyle contenant 25 & 30% des esteramides vinyliques ont été préparés; on
en a évalué la propriété comme plastique rigide. Les esteramides vinyliques incorporés
dans le chlorure de vinyle conférent a celui-ci une certaine plastification, mais leur effet
est de loin inférieur a I'effet d’'une plastifiant additionné & un chloure de polyvinyle
ordinaire.

Zusammenfassung

Die llarstellung von Vinyl-2,2-dimethyl-3-morpholinocarbonylcyclobutanacetat,
Vinyl-2,2-dimethyl-3-piperidincarbonylcyclobutanacetat und Vinyl-2,2-dimethyl-3-di-
n-butylaminooarbonylcyelobutanacetat wurde durch selektive Aminierung mit dar-
auffolgendem Vinylaustausch erreicht. Homopolymere und Vinylchlorid Copolymere
mit 25 und 30 Gewichts% an Vinylesteramid wurden dargestellt und auf ihre Verwend-
barkeit als nichtstarre Plastomere Uberpruft. Die in Vinylchloridcopolymere einge-
bauten Vinylesteramide besassen eine gewisse Weichmacherwirkung, ihr Einfluss lag
aber weit unterhalb des Einflusses eines dem Vinylchloridpolymeren zugesetzten Weich-
machers.
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Polymers from Vinyl Esters of Perhydrogenated
Rosin

R. LIEPINS and C S MARVEL, Department of Chemistry,

University of Arizona, Tucson, Arizona

Synopsis

Vinyl esters of tetrahydro acids from perhydrogenated rosin have been homopoly-
merized; copolymerized with vinyl chloride, vinyl acetate, butadiene; and terpolymerized
with styrene and acrylonitrile. Materials containing such vinyl esters of tetrahydro
acids can be readily crosslinked with peroxide.

INTRODUCTION

Commercial rosin, depending upon its source, is sold as gum, wood, and
tall oil rosins.  The two latter types account for the bulk of the material
sold in this country.  One of the most important uses for rosin of this sort
in the field of Polymers has heen through modification by hydroqenatlon
and disproportionation reactions by use of hydrogenation “catalysts to
make them useful emulsifiers in_ CIRS rubber” manufacturing processes.
This treatment removed the conjugated diene system of the resin acids
Bresent but was not sufficiently vigorous to remove. isolated double

onds. Although these materials were_useful as emulsifier in free-radical
polymerizations for GRS rubber, their vinyl esters have not found use com-
mercially, presumably because polymers from esters were unattractive.

A perhydrogenated rosin prepared by the complete hydrogenation of
wood rosin is available on a limited scale from Hercules Powder Company.
The vinyl ester of this material was made by the vinyl interchange reaction
with vinyl acetate in the presence of a mercuric sulfate catalyst.1 This
paper isa report of work undertaken to prepare polymers having useful
properties from a completely hydrogenated rosin.

RESULTS AND DISCUSSION

Monomer

Samples of the monomer were provided by the Naval Stores Division of
the Southern Utilization Research and Devélopment Division of the Agri-
cultural Research Service.  The mass spectrographic analysis of the methyl

2003
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TABLE 1
Mass Spectrographic Analysis
Composition
Tetra-
Diene Dihydro hydro Dehydro
acids, acids, acids, acids,
Product % % % %
Perhydrogenated rosin Nil 1-2 89 1

esters of various acids in the perhydrogenated rosin, from which our mono-
mer orlglnated, IS glven in Table 1.* _ _ _

The balance of the perhydrogenated rosin consisted of neutral fractions.
The tetrahydro acids consisted of two components: tetrahydropimaric acid
(28.1%) and tetrahydroabietic acid (71.9%).

Tetrahydropimaric acid Tetrahydroabietic acid

The mass spectra were quantitatively interpreted by using a 14-compo-
nent matrix for the calculation. o
_The vinyl ester (VTA) was supplied as a water-clear, unstabilized viscous
oil of the Tollowing physical constants: b.{). 160°C./0.2 mm., rip 1.5080.
Thin-layer chromato%raphy of the vinyl ester on silica gel showed gnly one
spot, and infrared data showed no absorption bands for hydroxKI, freg car-
boxyl, epoxide or un,saturation other than the vinyl ester. The material
when treated with potassium iodide and a starch solution gave no noticeable
coloration indicating no hydroperoxide presence. The monomer has a
?OOd shelf life under nitrogen at room temperature, In air at elevated
emperatures it tends to_form hydroperoxides. Distillation under reduced
pressure should be done in the presence of an inhibitor to prevent the mono-
mer from polymerizing.

Homopolymerization

VTA has_been homopolymerized in three systems: bulk, solution, and
emulsion. The experimerital data_are given in Table II. " The polymers
from the three SP/stems were obtained as white powders which could be
molded (at about 160°C.) into water-clear but brittle films. The low in-
herent viscosities are due, no doubt, to the chain-transfer activity of the
five tertiary hydrogens. All the homopolymers were soluble in benzene
and tetrahydrofuran. Of the two initiators, AIBN and DEABIB, the

* We are indebted to Herman I. Enos, Jr., Hercules Powder Co., Wilmington, Dela-
ware, for these values.
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TABLE 1l
VTA Homopolymersa

Conversion,
S\'stem Catalystll % ym
Bulk AIBN 83 0.10
25% Solution, benzene AIBN 70 0.06
Emulsiond AIBN 76 0.16
Emulsion DEABIB 78 0.13

“All of the polymerizations were conducted at 60 + 2°C. by tumbling the tubes
end-over-end for 48 hr. and with the use of about 5% catalyst.

bAIBN = azobisisobutyronitrile;, DEABIB = diethyl azobisisobutyrate.

0 Determined on solutions of 0.400-0.455 g./IOO ml. tetrahydrofuran.

dSiponate DS-10 (alkyl-substituted benzene sodium sulfonate) used as emulsifier.

latter is much more soluble in the vinyl ester; however, no differences were
noted in the emulsion polymerization results. ,
Because of the tertiary hydrogens (potential curing sites), curing of the
bulk homopolymer was investigated,  The curing composition was pre-
ared in a tetrahydrofuran solution with 10% of dlcum_}/I peroxide (Di-Cup,
ercules Powder Co., 96-99% pure), and the cure itself was done on a
cast, dried film at 160°C. for 30 min.” A completely insolubilized material
was produced. ~ Considering that only 10% of dicumyl peroxice was used,
a high crosslinking efficiency is indicated.

Copolymerization

Vinyl Chloride/VTA Copolymers. A set of emulsion vinyl chloride/VTA
coPoI mers was prepared. = The experimental data are given in Table I11.

All of the copolymers were isolated as white powders which could be molded
TABLE 111
Emulsion Vinyl Chloride/VTA Copolymers*
Amt.
Charged catalyst )
composition (KZD8), Polyr_nen-
parts/100 zation Conver-
VC1, VTA, parts time, sion, Ester,
wt.-% wt.-% monomer hr. % % b »H0
92 8 2 33 86 5.0 0.70
90 10 3 48 83 8.0 0.68
85 15 2 33 89 10.0 0.57
80 20 3 48 79 16.0 0.61
70 30 3 48 75 25.0 0.57
60 40 3 48 67 32.0 0.52

“ Siponate DS-10 used as emulsifier; all of the polymerizations were conducted at
60 + 2°C. by tumbling the tubes end-over-end.

b By weight, based on analysis for C, H, Cl in the copolymer (see Experimental sec-
tion).

0Determined on solutions of 0.151-0.410 g./100 ml. tetrahydrofuran,
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TABLE 1V
Vinyl Chloride/YTA Films
Composition
Vinyl
chloride, % VTA, % Properties of films

95 5 Tough, brown

92 S Tough, brown

90 10 Somewhat brittle, brown
84 16 Brittle, brown

75 25 Brittle, dark tan

68 32 Very brittle, tan

(at about 180°C.) into transparent films. The properties of the films are
given in Table IV. _ _

Al of the copolymers were soluble in tetrah}/drofuran. In view of the easy
curing properties of VTA it was of interest to attempt to make one of the
tough” copolymers insoluble, The curing composition was prepared in a
tetrahydrofuran solution using the 92/8 copolymer and 20% dicumyl per-
oxide.” The cure itself was done on a cast, dried film at 1‘>0°_C. for 30 min,
A completely insoluble, tou%h, film was obtained, A po g(vmyl chloride)
film, runas a control, was still soluble after the curlngnperlo_ . _

It is reported2that vinyl esters are less reactive than vinyl chloride and
the difference in the w2 values is quite considerable. Furthermore, the
nature of the aliphatic_acid moiety of a vinyl ester apparently has little
influence on the reactivity ratios with other vinyl monomers.3  Thus, to get
information on the homogeneity of vinyl chloride/VTA qopol¥mers frac-
tionation of the 75/25 copolymer was conducted (see Experimental section).
The analytical and inherent wscosﬂ/y data are given in Table V. Ap-
parently about two-thirds of the 25% VTA found in the copolymer was
essentially a homopolymer.  Such a distribution is not surprlsmg% In view
of the i values in‘general and the bulky hydrocarbon structure of VTA in
particular. The recovery in the fractionation was only 90% mainly be-
cause of extremelrv stable emulsion formations. The precipitation of
second and third fractions could be affected only with hydrochloric acid
solutions as the addition of methanol or water Caused no precipitation.
Such a behavior is indicative of polymer solvation.

TABLE V
Analytical and Inherent Viscosity Data on a Fractionated
Vinyl Chloride/VTA Copolymer

Sample Wt., g. Cl, %
Entire sample 3.00 42.33* 0.57
Fraction 1 0.55 8.30 0.19
Fraction 2 1.14 48.89 0.70
Fraction 3 1.00 50.20 0.68

“ Chlorine content of poly(vinyl chloride) is 56.74%.
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TABLE VI
Emulsion Vinyl Aeetate/VTA Copolymers'l
Charged
composition i
Polymeri-

VAcC, VTA, zation Conversion, VTA,

W% wt.-% time, hr. ot % b VinhC
80 20 4 98 25 2.23
70 30 8 —100 30 1.90
60 40 3 —100 42 141
50 50 0 ~100 53 1.15
40 60 8 94 64 0.90

“ Siponate DS-10 used as emulsifier; all of the polymerizations were conducted at
60 + 2°C. by tumbling the tubes end-over-end and with about 2% of K25208 as a cata-
lyst.

b By weight, based on analysis for C and IT in the copolymer (see Experimental sec-
tion).

0Determined on solutions of (1.11-0.225 g./100 ml. tetrahydrofuran.

Vinyl Acetate/VTA Copolymers. Five cliffeient emulsion vinyl acetate
cTopbcinr\n/frs have been prepared. The experimental data are given in
able VI.

The emulsion polymerization of vinyl acetate is characterized by great
susceptibility of the vinyl acetate radical to effects (chain transfer or re-
tarding) of Other substances in the system.4 The data recorded in Table
VI were obtained on one batch of VTA; however, trace variations in the
composition of other batches of VTA caused differences in the results.
Extended polymerization time and/or work-up or drying at elevated tem-
peratures inSolubilizes the copolymers. While in “other systems VTA
slowed down the Polymerlzatlon rate and acted as an efficient chain trans-
fer agent, none of these effects were observed with vinyl acetate. Such a
behavior again demonstrates the similarity in reactivity of the vinyl ester
double bonds regardless of the type of the aCid involved. ©

High molecular weight copolymers were obtained. An indication of the
efficient copolymerization can Be gained from the 36/64 vinyl acetate/VTA
copolymer whiich had a high rjim ?0.90) as compared to VTA (0.16).  All of

TABLE VII
Vinyl Acetate/VTA Films

Composition

Vinyl
acetate, % VTA, % Properties of films
75 25 Transparent, tough, somewhat rigid
70 30 Transparent, soft, extremely tough
58 42 Transparent, soft, tough
47 53 Transparent, soft, tough

36 64 Transparent, very soft, weak
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the copolymers were obtained as light tan colored soft masses soluble in
tetrahydrofuran and chloroform.  The properties of the materials molded
(at about 150°C.) into films arc given in Table VII. Al of the copolymers
exhibited elastic I’Oé)el"[les resembling somewhat thoge of a sIu?gls_h rubber.

Butadiene VTA Copolymers. A series of seven different butadiene/VTA
S?ﬁ?lymers has been made. The experimental data are given in Table

TAREE Mil
Emulsion Butadiene/VTA Copolymers"

Charged tm(.impos Conversion, %

Molar Wt.-fe .
Unbuf- Buf- Butadiene,
VTA  BD VTA  BI) fered  feredl %.C i, 1
2 1 92 8 9 ~i 0.17
1 1 80 14 8 — 0.23
1 2 70 24 7 — 12.0 0.28
1 4 61 39 8 31 43 0.52
1 6 51 49 10 — — Insoluble6
1 12 34 66 8 97 70 Insoluble6
1 24 21 79 — 93 96 Insoluble6

» Siponate DS-10 used as emulsifier; all of the polymerizations were conducted al
60 + 2°C. by tumbling the tubes end-over-end for 48 hr. and with about 2% of K 25208
as catalyst.

bpH 7.00.

6 By weight, based on analysis for C and H in the polymer.

d Determined on solutions of 0.391-0.449 g./100 ml. of tetrahydrofuran.

e Insoluble in hot tetrahydrofuran or benzene or both.

AIthough an unfavorable n 2 relationship for the monomers in question is
reported,2it was of interest to see what copolymers could be obtained. In
the_polymerization no chain transfer agent was used as the chain transfer
activity of VTA was assumed to be sufficient. It was noted in the work that
increasing the pH not only increased the conversion but also the butadiene
content in the copolymer.” The infrared absorption spectra showed clearly
that compositions Containing both components were obtained.  For ex-
ample, the characteristic carbonyl absorption at 1725 cm.-1 for VTA and
the characteristic unsaturation absorptions at 915, 998, 1650, 1675, and
1835 cm.-1 for polybutadiene were all observed changmq in their intensity
in correspondence with the analytical data for the copolymers.  Unfortu-
nately, because of their insolubility fractionation could not be done.  Thus,
the éxtent of copolymer formation is not ascertained. The co oI)(mers
containing more than 43%, by weight, of butadiene were completely in-
soluble in"hot tetrahydrofuran or benzene or both. = This may be mainly
due to the Iongi polymerization time causm_? the butadiene segments to cross-
link. - The polymers were obtained as white rubbery crumbs and could be
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molded into translucent, weak films.  The 30/70 and 4/9(5 VT Albutadiene
co;()Jonmers gave stronger and somewhat tougher films. _

n the basis of the infrared spectra of the copolymers and the literature
data,6-7 the, Rolilbutadlene segments and/or homopol;imer appear. o
contain a high I2-adduct structure. Thus, for example, the terminal
unconju%ate carbon-carbon double bond absorption in" hydrocarbons
occurs at a lower frequency (1645-1650 cm.-lg than the abSorption for
internal carbon-carbon double bonds (above 1650 cm.-1).5 The charac-
teristic absorption bands for 1 2-structure on polyhydrocarbon chains are
reported7at 3100, 1850, 1650, 1420, 995, and 915 tm.-1 and were observed
In"our spectra. However, a preponderance of 1.2-structure under the
experimental conditions used was.an unlikely possibility, in view of all the
existing butadiene copolymer literature, “Consequently, five different
copol_)(_mers_were titrated” with perbenzoic acidg-] which under proper
conditions is specific for internal unsaturation. The titration data are
given in Table IX. The data would indicate that a higher than normally

TABLE IX
Amount of Internal Unsaturation in Butadiene/VTA Copolymers

Charged composition
Internal

VTA, Butadiene, Butadiene unsaturation, Ratio
wt.-% wt.-% found, %" % 1,4/1,2
100 - - 2.5 -
86 14 ~2 76 76/24
76 24 12 76 76/24
61 3) 43 70 70/30
34 66 70 66 66/34
Ll 70 96 56 56/44

“ By weight, based on analysis for C and Il in the polymers.

expected 1,2-butadiene incorporation had occurred for the higher butadiene
content copolymers. - However, the higher 1,2-structure was also indicated
for copolymer's which were probably more tightly crosslinked and, thus, not
all internial double bonds were available for oxidation. .

Styrene/Acrylonitrile/VTA  Terpolymers.  Another combination of
monomers which according to their reactivity ratios leaves the copolymeri-
zation efficiency an open question is the styrene/acrylonitrile/VTA com-
position._ Four emulsion terpolymers of varying composition were pre-
pared.  The experimental data are Rlven In Table X.. _

First of all, the work indicated that VTA can be incorporated into the
styrene/acrylonitrile comﬁosmons up to 29 wt-%. All of the terpolymers
Were obtained as very Ilqbt_tan owders which could be molded (at about
180°C.) into clear but brittle films. All of the terpolymers were only
slightly soluble in tetrahydrofuran; however, they were completely soluble
i 1V-methylpyrrolidone,



201(1 R. LIEPINS AND C. S. MARVEL

TABLE X
Styrene/Acrylonitrile/VTA Emulsion Terpolymers*

Charged composition

VTA, Styrene, AN, Conver- VTA, AN,

wt-% wt.-% wt.-% sion, % %b %b >)inhe
10.8 61.2 28 920 8 30 5.44
21.6 50.4 28 88 11 33 4.96
35 35 30 84 23 40 —
32.4 39.6 28 76 29 31 3.82

aSiponate DS-10 used as emulsifier; all of the polymerizations were conducted at
60 + 2°C. by tumbling the tubes end-over-end for 24 hr. and with about 2% KsSaOs as a
catalyst.

b By weight, based on analysis for C, 11, and N in the polymers.

0Determined on solutions containing 0.106-0.374 g./100 ml. Armethylpyrrolidone.

If any of the above terpolymers is combined with a butadiene/acrylo-
nitrile rubber in the latex state and coprecipitated, a composition is ob-
tained that gives a flexible and very tough film. _

Polymers of the foIIOW|n&we|ght compositions were prepared for physical
property evaluations as thermoplastics and as cotton treating agents:
(1) vmyl tetrahydroabietate homo olgmer; @ 9505, vmyl chloride/VTA:;
@ 9317, vinyl chloride/VTA; ([FQ 110, vinyl_chloridelVTA: ) 72/28,
vinyl acetate/VTA; (s) 58/42, vm_yl acetate/VTA, (7) 31139130, VTA/
styrene/acrylonitrile; (8) 8/62/30-78/22, VTA/stgrene acrylonitrile com-
bined with butad_lene/aqrxlomtrlI,e; }9) 13/55/32-78/22, TA/stgrene/
acrylonitrile combined with butadiene/acrylonitrile; (o) 21/46/33-78/22,
VTA/styrene/acrylonitrile combined with butadiene/acrylonitrile. .

Each’of the Po ymers was prepared according to the procedures given in
the experimental part,

EXPERIMENTAL

Homopolymerization

Bulk. VTA (8.09.) and AIBN (0.4 g.) were charged under nitrogen in a
pressure tube g1x in.) and polymerized at 60+2°C. by tumbling end-
over-end for 43 hr. A white solid plug had formed. The material was
dissolved in 50 ml. of tetrahydrofuran (THF), and precipitated in 250 ml.
of methanol. . The suspension was allowed to stand for 2 days before fil-
tering; the yield was 6.6 g. (83%) of vacuum-oven dried (50°C./21 hr.)
white powder. The infrared spectrum showed no characteristic absorption
bands for the monomer. _

Solution. VTA (4.09.), AIBN (0.2 ¢.), and dry, thiophene-free benzene
12 ml.) were charged under nitrogen In a pressure tube (1X7 in.) and
polymerized at 60"+ 2°C. by tumbling end-over-end for 48 hr.” The
charge had formed a hazy viscous solution.  The solution was poured into
200 ml. of methanol and the isolated material was dissolved in 50 ml. of
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THF and re?recipitated in methanol r(250_m|.)- The suspension was
allowed to stand for 2 days before |Iter|n%._ The yield was 2.8 g.
(70%) of vacuum oven-dried"(50°C./21 hr.) white powder. The infrared
spectrum showed no characteristic absorption bands for the monomer.

Emulsion. VTA é4.0 g[.), DEABIB (0.2 g.%, Siponate DS-10 (0.04 g.),
and air-free, distilled, water (Ilz_ml.) were charged under nitrogen in a
pressure tube (1X7 in.), emulsified at room temperature and polymerized
at 60 £ 2°C. by tumbling end-over-end for 48 hr.  Emulsion, contamm%
some solid material, was formed. = The mixture was_poured into 200 ml. 0
methanol and the Isolated material was dissolved in 50 ml. of THF and
reprecipitated in 250 ml. of methanol. ' The mixture was allowed to stand
for 2 dags before filtering. . The yield was 3.1 ¢. (78%) of vacuum oven-
dried (50°C./21 hr.g) material. The infrared spectrum showed no charac-
teristic absorption bands for the monomer.

Anat. Calcd. for C2H3602: C, 79.40%; 11,10.91%. Found, monomer: C, 79.68%;
11, 10.94%. Found, emulsion homopolymer: C, 79.76%; H, 10.86%.

Copolymerization

Vinyl Chloride/VTA Copolymers. VTA (1.0 ?I) éaotassium persulfate
(0.3 g.), Siponate DS-10.(0.3 ¢.), and air-free, distilled water (30 ml.) were
charged under nltrO(t;en into & pressure tube (1.5 X 7:in).  The tube was
then"cooled to about —15°C. and vinyl chloride (9.0 tg.)_ rvas added. An
excess of vinyl chloride was used to purge the tube of air before capping.
The contents were emulsified at room temperature and then polymerized
at 60 £ 2°C. by tumbling end-over-end for 48 hrs. A thick and somewhat
lumpy latex was produced. It was poured into 300 ml. of methanol, the
isolated material dissolved in 150 ml. of THE, filtered, and reprecipitated
in 400 ml. of methanol. The yield was 8.3 g. (83%) of vacuum oven-dried
(50°C./24 hr.) white powder.” The infrared spectrum showed no charac-
feristic absorption bands for the mongmers.  The procedure for the other
compositions was similar to the one described.

Anai. Calcd. for 95% C2HI 25% C2H3LIL: C, 40.48%; H, 5.13%; CI, 53.90%.
Found: C, 40.74%; I, 5.16%; CI, 54.12%.

Calcd. for 92% CZH3 28% CH3L: C, 41.73%; IT, 5.32%; ClI, 52.20%. Found:
C, 41.58%; I, 5.32%, Cl, 52.13%.

Calcd. for 90% C2ZH3O210% C HXI: C, 42.56%; 11,5.43%; CI, 51.20%. Found:
C, 42.45%; H, 5.54%; ClI, 51.20%.

Calcd. for 84% CZH3 216% C H31: C, 45.04%; 11,5.80%; ClI, 47.66%. Found:
C, 45.01%; H, 5.83%; ClI, 47.93%.

Calcd. for 75% C22H30 225% C H3L: C, 48.76%; H, 6.35%; ClI, 42.56%. Found:
C, 48.74%; H, 6.42%; Cl, 42.33%,.

Calcd. for 69% CZH3 232% CHIL: C, 51.66%; Il, 6.78%, CI, 38.58%. Found:
C, 51.70%; H, 6.84%; ClI, 38.34%.

Vinyl Acetate/VTA Copolymers, Vinyl acetate r(3.0 g,),,VTA (2.0 2
KZ23 (0.1 g.), Siponate DS-10 (0.15 gx, and air-free distilled _waterihd
ml.) were charged under nitrogen in a pressure tube (15 X 7.in.). The
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contents were emulsified at room temperature and polymerized at 60 £
2°C. by tumbling end-over-end for 3 hr. Very ?OOd |atex was obtained.
It was then Roured into boll_ln%, acidic (pH 1) water (350 ml.% In aWarmg
Blendor.  The fluffy precipitated material was filtered and then dissolve
In chloroform %200 ml.) and combined with 50/50 MeOH/HZ) mixture and
Plac_ed In a Rotovac at about 40°G, The strlpia_lng was continued until the
iquid phase became clear. At this point the liquid was decanted and the
syrugy material was dried in a vacuum oven # 3°C./48 hr.). The yield
Was % (100%) of the dried material. The infrared spectrum showed no
characteristic absorption bands for the monomers. The dried material
had formed a small amount of gel when dissolved in chloroform. The
material formed a tough, transparent film. The procedure for the other
compositions was similar to the one described.

Anait. Calcd. for 75% C41® 225% Ci2HI 2, C, 61.68%; H, 8.04%. Found: C,
61.75%; 11, 8.03%.

Calcd. for 70% C4HQ)230% C2A138 2 C, 62.86%; 11,8.23%. Found: C, 62.84%;
H, 8.26%.

Calcd. for 58% CH® 242% CZHI 2 C, 65.71%: H, 8.69% . Found: C, 65.71%,
H, 8.77%.

Calcd. for 47%, C4H® 253% C2HID 2. C, 68.32% ; 11,9.11%. Found: C, 68.40%;
H, 9.14%.

Calcd. for 36% C4H® 264%, C213 2 C, 70.92% : H, 9.56%. Found: C, 70.95%;
H, 9.72%.

Butadiene/VTA Copolymers, P0tassium persulfate (0182 0.), Sipona_te
DS-10 (0.182 g.g' VTA é.l 0.), air-free distilled water (14 ml.), and air-
free Beckman pH 7.00 buffer Solution (14 ml.) were charged under nitrogen
Ina Bressu_re fube (15 X 7in.).. The tube was cooled to about —L0°C.
and butadiene (6.0 g., high purity) was added. An excess of butadiene
was used to purge the tube before capping. The charge was emulsified
at room temperature and polymerized at 60+ 2°C. by tumbling end-over-
end for 48 hr. A blue latex was formed. The latex'was poured into 350
ml. of methanol, allowed to stand for 2 days, then made strongly acidic
(pH about 1) with 10% HC1 and placed in a Dry Ice-acetone bath. The
iSolated material was washed with methanol and"then suspended in a mix-
ture of benzene/THF (125 ml./25 ml.). The suspension was warmed to
boiling and then precipitated out in 400 ml. of methanol in a Warin
Blendor.  The yield was 8.8 g. (97%) of vacuum oven-dried (45-50°C,/2
hr.) material. The infrared spectra agreed with the expected compositions
and showed no characteristic absorptions for the monomers. The proce-
dure for the other compositions was similar to the one described.

Anal. Calcd. for 99%, CZHI 21% Cdl6. C, 79.55%; H, 10.91%. Found: C,
79.55%; 11, 10.65%,.

Calcd for 98% CaH,«0»/2% CJIl,: C, 79.64%; 11,10.91%. Found: C, 79.57%;
11, 10.56%.

Calcd. for 88% C2ZH3ID212% C4llb C, 80.58%; 11,10.95%. Found: C, 80.88%,;
H, 10.90%.
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Calcd. for 57% C2HI 243% CRR: C, 83.44%; Il, 11.00%. Found: C, 83.70%,;
11, 10.79%. Residue: 1.25%.

Calcd. for 30% C21IMD270% C4ll6: C, 85.94%,; 11,11.10%. Found: C, 86.00%;
H, 10.81%. Residue: 2.85%.

Calcd. for 4% C2IIm0O2/90% C4lU: C, 88.35%; |IlI, 11.20%. Found: C, 88.31%;
H, 11.02%. Residue: 0.81%.

Styrene Acrylonitrile’VTA Terpolymers. Potassium persulfate (050
%._),,Slponate ?53-,10_ (050 8.), VTA f2.70_ I) styrene (15.3 ., freshly
|st|IIedi acr}/lomtrlle (7.00 'g., freshly distilled), and air-free, distilled
water (150 ml) were charged under nitrogen in a pressure tube (2 X 9
In.), emulsified at room temperature, and poIKmerlzed,at 60 + 2°C.
by tumbling end-over-end for 24 hr. ~ A very thick, semicongealed latex
was produced. The latex was diluted with distilled water and total solids
analysis run to obtain the conversion (90%). .
The resin was isolated by pouring the latex in liter of methanol containing
1 ml. of concentrated HCL  The isolated material was suspended in boiling
tetrahydrofuran (500 ml.) and reprecipitated in 2 liters of methanol. The
yield was 22.5 g. (90%) of vacuum oven-dried (48°C./20 hr.) light tan
Powder. The infrared Spectrum showed no absorption bands characteris-
tic for the monomers. The powder could be molded (at about 180°C.)
into clear, brittle films, The procedure for the other composition was
similar to the one described above.

Anal. Calcd. for 8% CZHI 262% CsH830% CHIN: C, 83.93%; H, 7.38%; N,
7.92%. Found: C, 84.13%; 11,7.28%; N, 8.07%.

Calcd. for 11% CZHHV 56% C 8H833%C3HN: C, 82.82%; H, 7.40%; N, 8.72%.
Found: C, 83.17%; H, 7.15%; N, 8.92%.

Calcd. for 23% C2ZH3D 237% C84840% CHIN: C, 79.56%; H, 7.63; N, 10.56%.
Found: C, 79.35%; 11,6.98%; N, 10.36%.

Calcd. for 29% CZHFBO240% CsHs/31% CHIN: C, 80.98%; 11,8.00%; N, 8.18%.
Found: C, 80.62%; Fl, 7.41%; N, 8.04%.

Fractionation of 75/25 Vinyl Chloride/VTA Copolymer. A 3.0 tg Samp|e
of the copolymer was dlssoK(ed in 300 ml. of THF. The first fraction
(055 g.) was obtained by adding 400 ml. of methangl. An attem'ot to ob-
fain the next fraction was made by adding 100 ml. of methanol followed b

400 ml. of water. Only a hazy blue-Colored “solution” was formed.
Next, the total volume p.z liters) was concentrated to 400 ml.  This
produced only a viscous blue-colored emulsion.  Another 100 ml. of water
were added without any precipitate formation. The next fraction (1.14
0.) was then obtained by adding 5 ml. of 1% HCL solution, The mixture
was allowed to stand for 4 hr. before centrlfugmg and filtering.  To obtain
the third fraction 31.003.), 10 ml. of 10% HC1 was necessary, as additions
of 5 ml. of 1% HC1 produced no precipitate. . The mixture was allowed to
stand for a day before centrifuging and filtration. ~ All of the fractions were
washed with methanol and dried In a vacuum oven at 55°C./24 hr. As a
result of the difficulties experienced in the fractionation, the total recovery
was only 90%.
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Determination of Internal Unsaturation in Butadiene/VTA Copolymers.
Preparation of indicator solution, perbenzoi¢ acid, and sodium tﬁlosulfate
solution as well as its standardization were all identical to that in an earlier
communication.D  The procedure for the oxidation of polymer samples was
also essentially similar to the one described in the same reference. Tor the
cal%lulatlon for the internal unsaturation the following relationship was
used:

. (miblank mlsanpge) (Veasaoq) (Afol. wt.) X 100 X 4
o Unsaturation = o000 "Wk, of sample, g./100 mi)

For the molecular weight the repeating unit was calculated from the
analytical data and was used as such.

This is a partial report of work done under contract with the Western and Southern
Utilization Research and Development Divisions, Agricultural Research Service, U. S.
Department of Agriculture, and authorized by the Research and Marketing Act. The
contract is supervised by Dr. T. H. Applewhite of the Western Division.

We are indebted to Dr. Glen Hedrick of the Naval Stores Division of the Southern
Utilization Research and Development Division of the Agricultural Research Service,
USDA, for the vinyl tetrahydroabietate used in this work and many helpful comments.

Reference to commercial products and enterprises does not constitute an endorsement
by the U. S. Department of Agriculture.
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Résumé

Les esters vinyliques des acides tétrahydrogénés de la colophane perhydrogénée oui
été homopolymérisés, copolymérisés avec le chlorure de vinyle, |'acétate de vinyle, le
butadiéne, et terpolymérisés avec le styréne et I’acrylonitrile. Les matériaux contenant
de tels esters vinyliques des acides tétrahydrogénés peuvent étre facilement pontés
au moyen de peroxyde.

Zusammenfassung

Yinylester der Tetrahydrosduren aus perhydriertem Kolophonium wurden homo-
polymerisiert, mit Vinylchlorid, Vinylacetat und Butadien kopolymerisiert sowie mit
Styrol und Acrylnitril gemeinsam terpolymerisiert. Stoffe, die solche Yinylester von
Tetrahydrosauren enthalten, kénnen leicht mit Peroxyden vernetzt werden.
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AlEt-Metal Soap Catalysts for the Polymerization
of Epoxides

AKIO TAKAHASHI and NORMAN G GAYLORD, Gaylord Associates

Inc., Newark, New Jersey

Synopsis

Epoxides, propylene oxide in particular, were polymerized by a catalyst system con-
sisting of AIEt3metal soap, to high molecular weight polyethers in high conversion.
Carboxylic acid salts of Ti, V, Cr, Zr, Mo, Co, and Ni, transition metals of groups 1V -
V111 in the Periodic Table, were most preferable. Metal salts of stearic, octanoic, lauric
and naphthenic acid were examined as catalyst components and proved to be very
active for the polymerization of epoxides when used with an organoaluminum compound
such as AIEt3or AIEtoCl. Copolymerization of propylene oxide and allyl glycidyl ether
was successfully carried out with an AlEta-Zr octoate catalyst.

INTRODUCTION

In recent years, poly(alkylene oxides) have been studied extensweIY and
have found new appfications. Various copolymers, including an elasto-
meric copolymer o proRerne oxide and an unsaturated e{)om e have been
re%orted.l We report here a stud¥ of a new catalyst system composed of
AlEta and carboxylic acid salts of transition metals for the polymerization
of epoxides, in particular, propylene oxide.

EXPERIMENTAL

Materials

Benzene and »-hexane were distilled over sodium wire and stored with
calcium hydride (CaH2. Ethyl Corporation AIEt3and AIEt"CI were used
as received in benzene or -»-hexane solution.  Metal soaps were synthesized
from inorganic metal salts and the corresponding sodium salts of organic
acids by double decomposition.

Polymerization

All manipulations were performed under prepurified nitrogen which
passed through phosphorus pentoxide before use. The polymerizations
Wwere conducted In glass tubes sealed with a glass stopper. The order of
addition of reagents was metal soap, benzene Or »-hexane, then AIEt3solu-
tion.  The reaction mixture was stirred for several minutes and the com-
plex catalyst prepared in sit. Monomer was added last, the tube was

2015
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%ealed V\f[lth a glass stopper, and polymerization was carried out at room
emperature,

. the end of the reaction time the tube was opened, methanol containing
a small amount of 3,5-di-terf-butyl-Ichydroxytoluene was added to stop
the reaction, and the reaction product was “dissolved in benzene. The
benzene solution of the_pqlrmer was washed with IN HCL, water, dilute
aqueous Na»C03 and distilled water until it was neutralized. The poly-
mer was finally dried in vacuo t0 cONstant weight by freeze drying, or re-
covered from ‘the benzene solution by steam “distiflation. The intrinsic
viscosity was measured in benzene at 30°C.

Copolymerization

The copol¥merization of propylene oxide and allyl glycidyl ether was
carried out at i>0°C. for 20 hr. in & beverage bottle sealed with a crown cap.
The other Rrocedures and the order of addition of reagents were the same
as in the nomopolymerization of propylene oxide. Reactants and ma-
terials used for the polymerization were as follows: prop){lene oxide, 70 ml.;
allyl glycidyl ether, 5'ml.; Zr octoate, 10.36 mmole; AIEt3 10.36 mmole;
benzene, 700 ml.: "and n-hexane, 100 ml. The _cogolymer was_obtained
in 92% yield and had an intrinsic viscosity of 7.9 in benzene at 35°0. The
vulcanization and the properties are shown in Table V.

RESULTS AND DISCUSSION

“The results listed in Table | show that various cataltyst systems con-
sisting of AlEt3and a number of transition metal salts of carboxylic acids
are quite effective in the polymerization of propylene oxide; ‘however,
some differences were observed between the results obtained from the
metals of group IV-VI and from the metals of ?roup VIII, qnormg the
effect of the organic acid moiety. The metal salts of groups 1V-VI give
rise to some low molecular weight ,oolymer, although in hl(ih conversion,
whereas the metal salts of group V111 ‘tend to give high molecular weight
polymer but in poor conversion.  The catalyst system, of AIEt3 Zr octoate,
among the former, is the most effective in’giving a high molecular weight
polymer in hl_?h conversion, ﬂenerally in quantifative yield. The results
are given in Tables II and [1l. The optimum molar ratio of AIEt3Zr
octoate seems to be 1 to judge from the polymer yield and the intrinsic
viscosity. Table 11 shows that the minimum quantity of Zr octoate is
about 0148, which corresponds to 0.5 role-% based on.the monomer. It is
apparent from Table HI that the olglmerlzatlon reaction is completed
within 20 hr. at room temperature (20-25°C.); however, the reaction was
comloleted within several hours at 50°C. _

Although the cocatalytic effect is apparent from the experiment of run
154 in Table 11, various catalyst systems consisting of AL compounds-Zr
compounds were examined for further confirmation of the catalytic ac-
tivity of AIEt3Zr octoate. The results are summarized in Table IV.
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The catalyst systems examined in runs 156, 181, and 183 were inactive for
the pol¥merlza_t|0n of propylene oxide, and the resultmgi products consisted
of catalyst residues containing a small amount of polymers. The poly-
mers obtained from runs 157, 179, and 180 were found to contain poly-
ether and a considerable quantity of catalyst residues by infrared spectral

TABLE 1
Polymerization of Propylene Oxide by Various Catalyst Systems*

In-
Yol. Polymer yield trlpsw
Run Metal salt of AlEta, solvent, vis-
no. organic acids mmole Solvent ml. g % cosity
113  Co naphthenate 3.0 Benzene 50 1.40 33.0 1.07
117 Co octoate 3.0 Benzene 50 0.23 5.4 2.51
118  Co octoate _b Benzene 50 0.24 5.7 -
119  Co naphthenate 3.0 Hexane 50 1.83 43.2 3.10
120  Co naphthenate 3.0 Hexane 50 1.27 30.0 3.52
123 Ti naphthenate 1.18 Hexane 20 0.90 47.0 136
124 Y naphthenate 1.18 Hexane 20 1.25 83.0 —
125  Cr naphthenate 0.89 Hexane 20 1.36 80.0 1.98
145  Ni naphthenate 0.89 Hexane 20 0.62 36.6 2.44
136 Mo naphthenate 1.18 Hexane 20 1.70 100 -
137 Co stearate 0.89 Hexane 20 0.75 44.2 2.89
144 Zr octoate 1.18 Hexane 20 1.70 100 4.02

“In runs 113-120, 1.0 mmole metal salt, 50 ml. solvent, and 5 ml. propylene oxide
were used. In other runs, 0.296 mmoles of metal salt, 20 ml. of solvent, and 2 ml. of
propylene oxide were used. In all eases polymerization was continued for 72 hr. at
room temperature.

b AIEt2CI, 3.0 mmole.

TABLE 11
Polymerization of Propylene Oxide by AIEtj-Zr Octoate”

AllZr

Polymer yield

no. mmole ratio o 96 viscosity Remarks

149 0.296 6 1.36 80.0 0.9S

148 0.296 8 1.58 93.0 2.16

147 0.296 2 1.65 97.3 2.94

150 0.296 1 1.67 98.3 6.02

152 0.148 2 1.34 78.9 6.28

153 0.074 i 0.09 5.3 — Cat. residue +
polymer

155 0.14S 0.5 0.06 4.0 Cat. residue +
polymer

154 0 _b 0.07 41 — Polymer

182 0.296 0.75 0.50 29.4 4.07

“In each run, 2 ml. of propylene oxide and 20 ml. of hexane were used. Polymeriza-
tion was carried out at room temperature for 20 hr.
b [Al] = 0.296 mmole.
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TABLE 111
Polymer Yield at Various Reaction Times in Polymerization of Propylene Oxide by
AIEt3Zr Octoate*

. Polymer yield .

Reaction Intrinsic

Run no. time, hr. o % viscosity
162 20 1.69 99.4 6.50
178 7 1.00 58.8 6.08
177 3 0.84 49.4 5.56
176 1 0.37 21.8 4.57

“In each run, 2 ml. of propylene oxide was polymerized in 20 ml. of benzene at room
temperature.

TABLE IV
Polymerization of Propylene Oxide by Al Compounds-Zr Compounds*

In-
Polymer yield trinsic
Run no. Zr compoundB Al compoundB Solvent o % cosity
156 Zr octoate Al(acac)3 Hexane 0.12 d —
157 Zr octoate AUO-'i-CJLL Hexane 0.20 d —
160 Zr octoate AlEtoCl Benzene 0.19 11.0 1.77
162 Zr octoate AlEL Benzene 1.69 98.5 6.50
179 0 AUacac);, Hexane 0.04 2.4 1.32
AlIEtj’
1SO 0 Al octoate Hexane 0.45 26.5 3.58
Al Et,
181 0 Al octoate Hexane 0.09 5.3 —_
183 Zr octoate Al octoate Hexane 0.13 7.6 0.85

*In each run, 2 ml. of propylene oxide was polymerized in 20 ml. of solvent at room
temperature for 20 hr.

B0.296 mmole used unless otherwise noted.

CAl triacetylacetonate.

d Catalyst residue contained a trace of polymer as confirmed by infrared spectra.

6 0.890 mmole.

TABLE V
Vulcanization and Properties of POI!*
300% Modulus, Tensile strength, Elongation,
VulcanizationB kg./cm.2 kg./lcm.2
150°C., 30 min. 35 160 1150
150°C., 60 min. 45 150 760

" POR contains 6% of allyl glyeidyl ether by weight (confirmed by iodine value).

bVulcanization recipe: POR, 100 parts; ISAF, 45.0 phr; ZnO, 3.0 phr; stearic acid,
1.0 phr; sulfur, 0.8 phr; tetramethylthiuram disulfide, 0.6 phr; 3,5-di-teri-butyl-4-
hydroxytoluene (lonol), 0.18 phr.
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analysis, The results sugqest that only the catalyst system AIEt3Zr
octoate is effective in the polymerization of prorglene oxide.

The elastomeric copolymér of propylene oxide and allyl glycidyl ether
(POR) was vulcanized according to ‘the techniques applied” for general
P_urpose rubbers. A t?/plcal vulcanization System and vulcanizate proper-
les are shown in Table V. High elongation is presumed to be a charac-
teristic of propylene oxide rubber becaise of the free rotation around the
oxygen-carbon bond.

Reference

1 E. E. Gruber, D. A. Meyer, G. H. Swart, and K. V. Weinstock, Ind. Eng. Chem.
Prod. Res. Develop., 3,194 (1965).

Résumé

Les époxydes, et I'oxyde de propyléne en particulier, ont été polymérisés par un sys-
téme catalytique consistant en AIEt3 et un savon métallique; ces produits ont ainsi été
transformés en polyéthers de poids moléculaires élevés et a un degré de conversion
élévés également. Les sels d’acides carboxyliques de Ti, V, Cr, Zr, Mo, Co, Ni, métaux
de transition des groupes 1V-V 111 dans le systéme périodique ont été trouvé les meilleurs.
Les sels métalliques des acides stéariques, octanoiques, lauriques et naphthéniques ont
été examinés comme composants catalyseurs et se sont révélés les plus actifs pour la
polymérisation d’'époxydes lorsqu’ils ont été utilisés concomitament a un dérivé organo-
aluminique tel que AIEt3ou A1ELC1. La copolymérisation de I'oxyde de propyléne
et de I'éther allyl glycidylique a été effectuée avec succés au moyen d’'un catalyseur a
base de AIEtsZr octoate.

Zusammenfassung

Epoxyde, besonders Propylenoxyd, wurden mit einem Katalysatorsystem aus AIEt3
und Metallseife mit hoher Ausbeute zu hochmolekularen Polyathern polymerisiert.
Ti-, V-, Cr-, Mo-, Co- und Ni-Salze von Carbonsauren, also Ubergangsmetalle der
Gruppen 1V bis VIII des periodischen Systems waren am besten geeignet. Metallsalze
von Stearin-, Oktan-, Laurin- und Naphtensaure wurden als Katalysatorkomponenten
untersucht und erwiesen sich bei Verwendung mit einer Organoaluminiumverbindung
wie AIEt3 oder AIEtZXCI als sehr aktiv bei der Epoxydpolymerisation. Die Copoly-
merisation von Propylenoxyd und Allylglycidvlather wurde mit einem AIEt3Zr-
Oktoat katalysator erfolgreich durchgefuhrt.

Received January 27, 1966
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NOTES

Ultraviolet Spectrum of a (¢lass Resin

The use of organic vehicles for coatings on thermal control surfaces of space systems
has increased the requirement for radiation stability of these materials in a vacuum en-
vironment.

The apparent radiation stability of unpigmented silicone resins as compared to pig-
mented resins when exposed to ultraviolet radiation in a vacuum indicates the instability
of the latter arises from photolysis of the pigment rather than of the vehicle. In an at-
tempt to understand more fully the mechanism giving rise to the aforementioned re-
sponse, the photolysis of the glass resin is being studied independent of the photolysis of
the pigment. The transmission spectrum of a thin silicone resin film for vacuum ultra-
violet wavelengths was obtained and is presented herein.

Since the methyl group does not strongly absorb radiation of wavelengths longer than
1500 A.,1the ultraviolet transmission spectrum of a methylsilicone resin should be similar
to that of fused silica for wavelengths greater than 1500 A.

The material is Owens Illinois Type 650 glass resin and was precured according to the
manufacturer’s directions. Several films of ~2 X It)-3 cm. thickness were prepared by
dissolving the R-stage material in acetone until viscosity was adequate for application of a
coating by spraying. A small volume (~T0~2ml.) of the solution was then dropped upon
distilled water. (Spraying techniques did not form acceptable films.)) The film so
formed was lifted onto a special support for transmission experiments while still pliable.
The films were then cured by different techniques such as air drying, vacuum oven or
infrared heating.

Spectra in the range 2-15 i3 were obtained with a Perkin-Elmer Model 21 double-beam
infrared spectrophotometer. An example of such a spectrum is shown in Figure 1. The
spectrum is similar to that, described elsewhere,2 except that the existence of hydroxyl
band at 3 mis more pronounced. Additional curing did not residt in the elimination of
this band for any particular sample.

The transmission spectrum for the range 1150-2300 A. was obtained with the use of a
Jarrel-Ash scanning vacuum grating monochromator having a Seya-Namioka mounting.
A microwave-excited hydrogen discharge in a Broida cavity was used as the radiation
source. The lamp had a LiF window and was operated at a pressure of 2 torr. The
resolution of the monochromator was approximately 11 A. The transmission spectrum

Frequency (CM-1)

Fig. 1 Infrared transmission spectrum,
2021
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so obtained is shown in Figure 2. (Structure evident for wavelengths below 1600 A. is
not shown.) It is seen that the absorption edge is at approximately 1700 A.

The data are compared to those obtained for a 1-mm. thick fused quartz plate and also
to the manufacturer’s data which were presented for a ‘/s-m. thick sample. The trans-
mission spectrum of silicone shows a more abrupt cutoff than the fused silica sample,
although the fused silica does transmit shorter wavelengths.

(6]
Wavelength (A)

Fig. 2. Ultraviolet transmission spectrum.
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Since reflection or scattering was not measured simultaneously, the absolute energy
absorption coefficient cannot be presented. It is evident, however, that in order to study
the effect of radiant energy deposition in this silicone resin, the use of wavelengths shorter
than 1700 A. would be most appropriate.
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Copolymerization of Methyl Methacrylate and Diethyl Fumarate
and the Homopolymerization of Diethyl Fumarate

In the course of our studies on the crosslinking reactions of the unsaturated polyester,
poly(ethylene fumarate), (PEF), with styrenel“3 and methyl methacrylate (MMA),!
we have investigated the copolymerization of MMA with diethyl fumarate (DEF).
There is no record in the literature of the reactivity ratios for this monomer pair, and we
report our findings here.

Copolymerization of MMA and DEF were carried out in dioxane solution at 60°C.
but the reactivity ratios should be independent of the reaction medium.'l The transfer
constants to dioxane are small for the radicals involved.6 Table I records the results fur

TABLE 1
MMA-DEF Copolymerization (Mi = Diethyl Fumarate, M2 = Methyl Methacrylate)

E:io olymer Mole fraction
M]. M ]. oY MMA m
moles moles C, % I, % O, % copolymer
0.0406 0.1875 58.9 7.9 33.2 0.8951
0.1520 0.0749 58.6 7.5 33.9 0.7160

two typical runs. It is clear that the copolymer is rich in MMA even for a monomer
feed which has DEF in excess. The reactivity ratios were calculated by using the inte-
gral equation of Mayo and Lewis, and from the ri versus r2plot are found to be n = 2.10
+ 04andr2= 005+ 0.1. Table Il summarizes the ri, r2 values for some analogous

TABLE 11
r Values for Some MMA Copolymerizations

Copolymer system

Mi Mj (0] > T, °C. ence
MMA DEF 210 £ 0.4 0.05 £0.1 60 This
work
MMA Maleic anhydride 3.5 0.03 60 6
MMA Maleic anhydride 6.7 £ 0.2 0.02 75 7
MMA 1liethyl maleate 20.0 0 60 9
MMA Fumaronitrile 3.5 +0.5 0.01 +0.01 79 8

monomer systems. The values reported for the MMA-DEF system appear to be of the
correct order of magnitude, and, as might be expected, are similar to the values for fuma-
ronitrile and maleic anhydride corrected to 60°C.

Recent work has shown that a number of 1,2-disubstituted ethylene monomers can be
polymerized by a free-radical mechanism, e.g. maleic anhydride,D itaconic anhydride,1l
and indene.2 Since our crosslinking studies have been directly concerned with the re-
activity of the fumarate double bond, we have investigated the copolymerization of PEF
with DEF and also the homopolymerization of DEF. It has been reported in the patent
literature1314 that diesters of maleic and fumaric acid polymerize with difficulty by free-
radical methods to yield soft, tacky thermoplastic resins. PEF (M,, = 1,700) and DEF
were copolymerized in bulk at 100°C. under high vacuum with benzoyl peroxide as
initiator. After several hours, insoluble microgels appeared in the solution. This gel
material was collected, worked up in methanol, and dried under vacuum. The poly-
pier analysis in Table I11 and the infrared spectrum indicate the formation of a pQpoly»
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TABLE 111
Analysis of PEF-DEF Copolymer and DEF llomopolymer

Sample C, % ir, % 0, % OEt, %
PEF-DEF

copolymer 53.7 5.8 40.5 32.9
DEF 55.S 6.9 37.3 52.3
PEF 49.0 4.4 46.6 0
Poly()EF) 55.4 6.7 37.X 421«

“The low analysis is probably due to stern; effects preventing all the ethoxy groups
from reacting.

mer. In view of (lie difficulty in freeing the polymer from all traces of unreacted mono-
mers the copolymer composition cannot be accurately determined. However, the
formation of a copolymer gel in this system was indicative of a reaction between
the DEF monomer and the polyester double bond. We therefore studied the
bulk polymerization of DEF at 100°C. using benzoyl peroxide as initiator, again under
high vacuum conditions. After 48 hr. an appreciable increase in the viscosity of the re-
action medium was observed. The polymer was precipitated from petroleum ether (b.p.
100-120°C.) and dried under vacuum. The product was a solid white powder, soluble
in dioxane and methanol; fo] = 0.083 dl./g. (25°C.), Mn = 18,000 + 2,000 (osmom-
etry, 25°C.), Mn = 16,500 =+ 4,000 (ebulliometry). Chemical analysis results are given
in Table I111. The infrared spectrum was identical to that of the monomer except for the
absence of the double bond bands at 977 and 1640 cm.-1.
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Vinyl Esters of Rosin

Rosin was first vinylated by Reppe.1 The ester gave, by free-radical initiation, low
moleenlar weight polymers which were resins of little value. This might be expected as a
result of the presence of the conjugated diene system in the resin acids present in conven-
tional rosin. Ropp2describes some copolymers of vinyl acetate and vinyl stearate with
vinyl esters of hydrogenated and dehydrogenated rosins. These apparently gave more
satisfactory polymers than obtainable from rosin. Montgomery et al.3 described the
preparation of a perhydrogenated rosin which is for all practical purposes completely
hydrogenated. Rosins having a high degree of unsaturation are available commercially
and are prepared by direct catalytic hydrogenation of rosin or by disproportionation re-
sulting from heating rosin to 150°C. with hydrogenation catalysts.

A comparison of the compositions of the three types of rosin are given in Table I.

TABLE 1
Composition of Hydrogenated and Disproportionated Rosins*

Resin acid compositions, %

Two double Single double No double Dehydro-

bonds'5 bonds bonds genated
Perhydrogenated Nil 1-2 88 1
Disproportionated 3 26 5-7 57
Hydrogenated 1-3 69 2-6 h

* Data obtained from supplier, Hercules Powder Company, Wilmington, Delaware.
bNon conjugated.

Vinyl esters were made from the three types of rosin and a comparison of their behavior
toward polymerization under similar conditions was made (Table 11).1 The perhydro-
genated rosin gave better conversions to polymers than did the hydrogenated and dispro-
portionated materials.

TABLE 1l
Vinyl Esters of the Three Rosins and Monomer Conversions

Con-

ver-

sions,
Rosin Hydro- Refrac- %,

neutral  Yield, Boiling point,  genation tive poiy-

Type equivalent” o "C./mm. Hg equivalent index ni)’ merb
Prehydrogenated 346. S 79.2 168-172/0.5 342 4 1.5088 S3
Hydrogenated 342 79.0 172-180/0.8 337.8 1.5196 1li
Disproportionated 360 76.0 170-186/0.4 354.2 1.5289 20

aContains nonacidic materials. Pure resin acid value is 302.
bData of Liepins and Marvel.4

The method used for vinylation was that of Adelman5and others6and involved ester
interchange with vinyl acetate with a mercuric catalyst.

Experimental

A typical vinylation consisted of dissolving the rosin (370 g., 1.06 mole), in 1760 ml. (19
mole) vinyl acetate and adding at room temperature 0.32 g. copper resinate, 6.40 g. mer-
curic acetate and 1.60 g. concentrated sulfuric acid. When about 1 mole-equivalent of
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acetic acid had been liberated the reaction was considered complete and the batch was
worked up by distilling excess vinyl acetate in vacuo. The residue was washed with dilute
aqueous mineral acid, dilute alkali then distilled in vacuo bulb-to-bulb and fractionated.
Yield and other data are tabulated in Table II.

Mention of commercial products by name is for purposes of identification only and does
not constitute their endorsement by the Department, over others which might be appli-
cable.
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ESR Study on the Solid-State Polymerisation of IX-Vinylcarbuzole
Initiated by Electron Acceptors

It has recently been reported by several workers that JV-vinylcarbazole (AT-VCZ)
is easily polymerized by electron acceptors.1-4 These authors considered that this
polymerization may be initiated by cation radicals derived from charge transfer com-
plexes between 1V-VCZ and acceptor and some of these authors considered this poly-
merization proceeded by cationic propagation. However, the exact nature of the
mechanism has not yet been elucidated.

In view of the fact that charge-transfer complexes may play an important role in
initiating the polymerization of A2?VVCZ with gaseous catalyst, such as halogen or sulfur
dioxide as acceptor, the present authors attempted to elucidate the mechanism of
initiation by ESR spectroscopy. ESR studies have recently been reported for a number
of molecular complexes of polycyclic compounds with a variety of electron acceptors.5-8
iV-VCZ was recrystallized from n-hexane. Commercially highly purified CL and S02
(>99%) gases were used. Conversions were determined gravimetrically after washing.
The reaction mixture was washed with methanol to eliminate unreacted monomer.
The complexes were prepared by adding small amounts of electron acceptors to solid
vinyl carbazole. (SO, complex was heated at 50°C. for 5 hr. after adding S02gas to
the N-VCZ.) ESR spectra were recorded with a Varian 4500 spectrometer with 100
Kc field modulation at 77°K. about 10 min. later after making the complexes at room
temperature. Results are summarized in Tables | and Il. ESR spectra obtained
for almost all complexes were singlet spectra and no hyperfine splitting conld be resolved
for the solid. The {/-values were close to that of DPPH. Polymer was obtained from
the samples showing ESR signal. The more the electron acceptors were added, the
stronger was the intensity of the ESR signal and the greater the polymer yield. The
radical concentration was almost constant for over 13 hil in /V-VCZ-CL system at

TABLE r
Polymerization of A'-Vinyl Carbazole in the Presence of Chlorine or
Sulfur Dioxide

Concentration, Temp., Time, Conversion,
Acceptor mole-% °C. hr. %
Cl2 6.8 20 0.2 58
ClI2 6.8 20 18 66
SO. 2.3 50 24 88
so2 2.3 30 24 42
TABLE 1l
ESR Spectra of Charge Transfer Complexes in Solid State
A Hmsl,
Donor Acceptor  Color of complex ESR spectra gauss
JV-VCz ClI, Dark green Singlet 7.6
a Rr2 Black a 9.5
it 1, Brown a 11.4
u BE, Dark blue u 7.6
it SnCh White-green u 10.0
u SO, Yellow Asymmetric doublet —
Carbazole Cl, Yellow Singlet 12,4
u SO. Yellow Not clear

Poly-A-VCZ ClI, Gray Singlet 9.4
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Fig. 1. Presented mechanism of polymerization of jV-vinylcarbazole initiated by electron
acceptors.

20°C. in which polymerization proceeded. The paramagnetic species at an earlier
stage might be assigned to the cation radical formed by the electron transfer reaction
between iV-VCZ and electron acceptor [(I) and (Il) in Fig. 1], Polymerization is
initiated from this cation-radical. One of the possible mechanisms of polymerization
of ¢(V-vinylcarbazole by cationic propagation was shown in Figure 1. When the poly-
merization proceeds, radical delocalized over the carbazole ring [(I111) in Fig. 1] remains
according to this mechanism, and this radical would show the singlet spectrum re-
sponsible for the ESR signal at a later stage. This would result in the constancy of
radical concentration during polymerization. On the other hand, the colors of the
complexes with carbazole and poly-iV-vinylcarbazole were lighter than those with
JV-VCZ. This may be due to the shorter conjugated system in carbazole and poly-
A-VCZ than in A'-VCZ. However, only the ;V-VCZ-S02system showed an asymmetric
doublet spectrum. This is supposed to be caused by the unpaired electron localized
on SO».
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ERRATUM

The Thermal Expansion of Cellulose, Hemicellulose, and Lignin

(article in J. Polymer Sci. C, 11,27, 1965)
By M. V. RAMIAH and 1). A. I. GORING

Chemistry Department, McGill University, and Physical Chemistry Division,
Pulp and Paper Research Institute of Canada, Montreal, Quebec, Canada
On page 27, line 11: 6.0 X 10-4 should read 6.0 X 10-5.

. 1d - £, -
On page 43, equation (6 ) : -—----- Lwifow- --f—'-)lhould read---------------
wu dl wu d7

On page 46, line6: [d(v,)d/dT] should read [d(v,)dd.T].

On page 48, line 35: 5,1 bis 5,0.10~6should read 5,1 bis 6,0.10~5
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