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INTRODUCTION

The objective of this paper I8 to present some recent developments in the polymerization
of propylens oxide with a new olass of catalysis,

Poly(propylene oxide) presents & chain of repeating propylene units, spaced with ether
oxygen, -O-, linkages. These latter reduce the barrier to frae rotation around the single bonds
of the chain backbone, due to steric interaotion of methyl groupings, The result is & high ohain
mobility down to very low temperatures provided the regulerity of ~-HCCHg3~ units 1s kept suffi-
ciently low, so that thers is no appreciable extent of orystallization, This high chain mobility,
together with an average chain length suffioiently high (average mol welght above 200,000} and
adequate means to introduce Interchain attachmenta (e, g. cross-linking) represents the basio
requisite for a rubber. Therefors, the polymerization of propylene oxide may open the way of
converting the propylene surplus to a useful rubber, provided the price of propylene oxide from
propylene becomes sufficiently low, gnd {n the meantime a rubber based on propylene oxide finds
acceptance on the market.

“Propylene oxide 1s known fo polymerize by acidic and bealo catalysts. However, a trans-
fer reactlon of the growing chain end with the monomer limits, its average mol weight to less than
10,000, Only with the advent of coordination type catalysts was it possible for Dow chemists to
obtain first in 1956 mol welghts exceeding 100,000 (1), These firat catalysts, hased on ferric

- compounds had two shortcomings. The product characteristics were less auitable to make a good
rubber and the rate of polymerization was too slow for practical purpeses. Subsequently through
controlled hydrolysis of Group II and Il metalalkyls, viz. dialkylzine and triatkylaluminum,
catalyats were discovered with much higher activity, giving a poly(propylene oxide} with improved
product characteristios (2), Drawbacks of this latter system are the high cost of the catalysts,
problems involved in their large scale preparation and the relatively high catalyst concentrations
required for the polymerization precess. Although there waa no obvious ground to suppose that
highly active catalysts can only be obtained from metalalkyls, work published between 1958 and
1966 was directed to such aystema.

We shall report here a new class of catalysta (3) which can be prepared In a simple
manner starting from inexpensive materials such a¢ aluminum {gopropoxide and zine acetate.
Then we shall give the general features of the propylene oxide polymerization with these oatalysts
and the charaoteristics of the poly(propylene oxide) obtained,

EXPERIMENTAL

Materials
Zn(OAc)y' 2HgO (A, R, grade) was dehydrated by refluxing with acetic anhydride (96%) and

subseguent washing with toluene, Aluminum isopropoxide, technioal grade, was distilied, after
stripping off the free isopropyl alcohol under vacuum,

Propylene oxide was first refluxed over potassium hydroxide pelleta, distilied, then
refluxed over calolum hydride and distilled under argon (containing less than 6 ppm water accord-
ing to manufacturer's specification). For large scale polymer preparation, propylene oxide was
used as such, after drylng over moleoular sieves (3A).

Bolvents, n-heptane (Phillips, pure grade) toluene, eto,, were dried over calcium hydride
{laboratory) or molecular sieves (large scale) and distilled, except tetrahydronaphthalens, which
was treated with concentrated sulfuric acid prior to drying.

Techniques
From catalyst preparation up to short-stopping of the poiymerlzation, reagents were

stored and handied under pure grade argon (or nitregen). Transfor of materials was done by now
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widely utilized syringe and hypodermic needle techniques through seif-sealing serum stoppers
{including dilatometry), Large volumes of solutlons were siphoned through stalnless steel capil-
laries (18 G through 15 G)., In large scale polymerizations this technique was utiiized only for
transfer of catalyat solutions, the remaining heing transferred quiokly, For this iatter operationa
20 liter stainless steel reactor with snchor-type stirrer was utilized, All other operations wers
done in standard laboratory all-glass apparatus with ground-glass joints,

Dilatometric studies were done in precision bore tubings of appropriate {.d., which permits
about 26 om helght variation for contractlon due to full conversion of monomer to polymer, They
were calibrated with mercury, and volume of contraction versus conversion was verified by {sola~
tion of the polymer,

Analytical
Metals were determined by volumetry with EDTA, alcohols, ester, ete., by GLPC

{Aerograph 200A) by use of an internal reference,

Catalyst Preparation
Into 111 g {0.6 mole) anhydrous zinc acetate covered with 100 ml tetrahydronaphthalens,

461 ml of a aclution of aluminum isopropoxide (2,68 M/l, 1.2 meles) was added under stirring,
at room temperature, It was then heated quickly to 176-176°C under vigorous stirring, The mix-
ture became homogeneous i gbout 10 minutes, while the volatiles were allowed to distill through
a Vigreux column, As soon as the reaction mixture became homogeneous, the temperature was
allowed to rise to 199-202°C and it was kept at this temperaturs untl) the end of preparation (350
min,), )

The golutlon was colorless at the early stages of the reaction, then it gradually heocame
intense yellow. The heavy eolvent was then removed under vacuum and the glassy yellow residue
was taken in n-heptans,

Polymerization
Polymerizations were done in the laboratory in sealed glass tubes previously purged with

argen, placed in a slowly rotating tube-holder immersed in a constant temperature bath,

Inducton Times
Induotion times for oxygen uptake were determined in o-dichlovebenzene solution by a
procedure similar to that of Dulog (4), '

CATALYST PREFPARATION

The oatalyst is prepared by a condensation resction between an aluminum aleoholate and
zlno acetate, with elimination of two moles of estor:

(RO)2A1-OR + AcO-Zn-OAo + RO-AL(OR)3 — (RO)2A1-0-Zn-0-Al{OR)g + 2ROAe

(R = lgo~Pr, for example).

This condensation is best carrled out in the presence of a solvent which facilitates the
heat transfer and permits close temperature control, Aromatic or aliphatic hydrocarbons, such
88 tetrahydronaphthalens, decahydronaphthalene, or petroleum outs of adequate boliing range were
found most satiefactory, :

The course of the condensation reaction is presented in Figure 1. It can be seen that the
firat acetate on zino diacetate is much more reactive than the second acetate, Thus at 170-180°C
the elimination of one mole ester per mole zine acetate is praotioally complete within 10-20
minutes, At this stage the product 1s completely solubilized in the reaction medium, The ester
18 aeparated by distillation through a suitable eolumn. )

The elimination of the gecond acetate on zine ia much slower, In order to obtain an
acoceptable rate it ls preferred to increase the temperature up to about 200°C, At this stage
secondary reaotions appear, producing, aleng the expeoted isopropy! acetate, some lsopropyl
alcohol and acetone, GLPC analysis of the gas stream indicates the presence of olefins, mainly
of propylene and of hydrogen, Since aluminum alcoholates are known to catalyze hydride transfer,
hydrogen s probably formed through dehydrogenation of fsopropyl alcohol, this accounting also
for the formation of acetone. If remains to explain the formation of isopropyl alcohol along with
propylene, The literature on the decomposition of aluminum alecholates 18 somewhat controver-
sial (6), Our own experience indlcates that aluminum isopropoxide alone does not decompose af
200°C. The fact that we observe this secondary reaction at the second stage, §.e. afier the forma-
tion of at least one »Al-0-Zn-bond, and our interpretation of the resulis on the decomposition of
zireonium alcoholates studied by Bradiey and Faktor (6) seem to indicate that decomposition of
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FIGURE 1, Elimination of isopropylncetate, {sopropanol and acetone In the couras of condensation of
aluminum leopropoxide with xinc scetate; catalytio sctivities of the condensation product
at varfous glagea of the condensation {polymarization conditiona: n-hepiane; 50°C;

PO 1,0 M/1; catalyst 0.050 at g/1 {Al + Zn)}
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metal-OR is catalyzed by metal-O-metal groupings, Such a catalysis would explain olaims of
decomposition of simple aluminum alcoholates at temperatures below 200°C, assuming that some
adventitious water first produces some »A1-0-Al< speoies,

Determination of the isopropoxy groupings eliminated by formation of iscpropyl acetate,
isopropyl alcohol and acetone alons does not allow a good agreement with the OR/Al ratio found on
the final product, unless we agsume that 2 moles of OR are lost per mole of isopropyl alechol (or
acetone) produced, Such a stoichiometry indicates that the decomposition reaction 18 specifically:

2 >Al-OR —» >Al-0-A1< + ROH + CHy-CH=CHg

In order to explain this stolohlometrio specliicity producing equimolar amounts of alcohol and
corresponding olefin, it seems tempting to suggest that the decomposition 18 taking place through
an intermediate containing the eorresponding ether complexed on the Al-O-Al, This mechanism
is similar to that proposed several years ago by Balaceanu and Jungers (7).

The result of the above-mentioned decomposition reaction 1s the formation of Al-0-Al
groupings, in addition to the Al-O-Zn groupings through the main reaction, The actlvity of the
condensation productsas a polymerization catalyst for propylene oxide (Figure 1) seems to be
dependent on the extent of ester elimination, On the other hand, if the condensation reaction ia
carried further, the secondary reaction takes over the ester elimination reaction, giving finaily
insoluble and catalytically less active products. Thus, in practice the reaction oan be carried out
only to the extent where there is about 80-80% of the ester eliminated, giving a product which
analyzes for OR/Al = 1,2 to 1.3, Choosing the reaction temperature lower than 190°C, it 18 pos-
. gible to obiain products with OR/Al = 1,9: the ester elimination Is, however, somewhat lower
under these conditions and the condensation product is less active,

We have found somewhat unexpectedly that Al-O-Zn bonds are extromely stable towards
alcohols, while the Al-O-Al bonds, at least to some extent, are broken by this reagent accerding
to the repotion:

,OR
-Al-0-Al- + 2ROH — 2-4] + Ho0
] I ‘OR
OR OR
Condensation products with OR/AL = 0,8 to 1.2 can be modified up to OR/Al = 1.7 by such 4 treat-
ment. Further, depending on the naturs of the alcohol and the reaction conditions, treatment with
an alcohol may result in; 1) an incrensed or deoreased catalytio activily, with only a change of
polymerization rates; 2) a simultaneous ohange in the stereospeoifioity of the polymerization
reaction; 3) a change in the kinetics of the polymerization, e.g. from first order versus the oata-
lyst concentration to a higher order; 4) & change in composition of the soluble specles, i.e, from
Al/Zn = 2,0 to Al/Zn = 3,0,

It is obvious that for practical purposes, the above preparation, followed by an activation
step if needed, can be carried out as a single-pot operation. The catalyst, which i highly aok
uble in aliphatic and aromatic solvents, cen be obtained as a solution, This yellow solution i8
indefinitely stable provided it 18 protecied against moisture,

Finally, it has to be mentioned that the above reaction was found to be quite general when
applied to other metals, Active polymerization catalyats are obtained when the mid-metal is a
divalent one, such as Mg, Cd, Cr (), Mn {I), Fe (I}, or Co (1),

POLYMERIZATION OF PROPYLENE OXIDE

Overall Kinetics

A preliminary kinetio study of the polymerization of propylene oxide was carried out with
the aim of evaluating polymerization conditions and catalyst behavior. Unless specified, this was
conducted at 50° for convenleonce,

A typloal dilatometrio plot (catalyst R = iso-Pr) is illuatrated in Figure 2, Af the early
stages of polymerization, there1s & steady increase of the rate, followed by a period, where it
starts to drop off exponentially, It is better seen in Figure 3, on a semilogarithmic seale, that
the later stage obeys a first order rate for propylene oxide, For initisl PO concentrations in n-
heptane, from 0.1 to 1.0 M/l, the first order rate constant, k1, caleulated from the later stages
of the polymerization, remains constant, At 2,0 M/1 initlal PO concentration and above, ki
deoreases with increasing PO concentration, We ascribe this steady decrease of ky to an inorease
of bulk dielectric constant of the medium, since we observe the same {rend on 1,0 M/ propylene
oxide golutions, by varying the solvent of polymerization:
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Solvent Dielectric Constant Rel, k3

n~Heptane 1.88 1.0
Toluene 2,32 0.76
o-Dichlorobenzene g.81 0.38

The effect of oatalyst concentration was studied in sealed tubes by isolation of the polymex
at 40 to T0% conversion and calculation of t5g, time required for 60% conversion. For catalysta,
where R = lao-Pr, sec-Bu, tgg was found inversely proportional with the concentration, hence
firat order in catalyst, For catalysts activated by treatment with a primary aleohol, e,g. n-BuOH,
the apparent order was above unity; plota of log ¢ va, log tgg gave siraight lines with slopes =1.5
in n-heptane and =2 in toluene,

The energy of activation for the overall polymerization rate In n-heptane (for catalyst R =
fso-Pr) was found from the Archenius plot (Figure 4) equal to 15 + 1 keal/mols,

Effect of Polymerization Variables on Mol Weight
Mol welghta estimated from Intrinsio viscosities did not show any significant change with

conversjons (from 40 to 90%) or with the temperature of polymerization, at least in the range 50 to
70°C; the intrinsie viscosities were usually between 6.5 and 8,5 dl/g {In toluene at $0°C). Effect
of water: the presence of water affoots strongly both the rate of polymerization and the mol
weights, This is shown by the results, summarized in Table I, of two serles of polymerizations
carried out {n the presence of added water,

Table I
Effeot of the Presence of Water

Exp, No, HoD/Al Conversion, % (n), di/g

a) Polymerization time 4 houra*

1 0 71 8.2
2 0,06 49 4.0
3 0,25 17 3.0
4 0.6 1 1,7
b) Polymerization time 39 hours
& 0.5 83 2.3
6 1,0 68 1.4
7 1.6 .54 1.2
8 2,0 36 0,6

¥ In n-heptans at 60°C with propylene oxide 1,0 M/1
and catalyst (R = iso-Pr) 0,080 g atom/l,

Separate experiments by IR-spsctroscopy revealed that amall inorements of water added to cata~
lyat (o.g, water/Al = 0,06) liberate aloohol immediately, This means that water attacks firatly
the OR groupings on Al, Consequently, the effect of water on the polymerization might be due in
fact to the presence of alcohol; the same effect was ohserved indeed by addition of equivalent
quantities of alcohol. On the other hand, if the alcohol ltberated by addition of water is removed
by a vacuum treatment (stripped-off), the original activity uaually {s restored, From Table Iit
can be seen that alcohol acts aa a retardant and reduces the mol weights, Comparison of experi-
ments 4 and § shows that low mol weight chaips produced, due to the presence of aleohol, undergo
a further slow growth.

Short-stopping of the Polymerization
Poly(propylene oxide) 1a known to be highly aensitive to oxidative degradation (4). There-

fore, its utility 18 dependent onan adequate stabilization., Furthermore, when it is obtained by
polymerization with metallic catalyata, the effect of such metallic residues on the stability of the
polymer needs careful consideration, Finally, for large scale polymerizations, catalyst removal
18 often a combersome and cosily operation. Hence, termination of the polymerization process
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by an adequate short-stopping agent, which permits leaving the catalyst in the product, seemed of
sufficlent interest for a systematic study.

Previous results of the effect of water on the polymerization indioated that although
reagents like water or aleohol will significantly reduce both the rate of polymerization and the
mol welght of the polymer, they do not show & sharp effect of deactivation et relatively low ratics
of reagent to catalyst, A sharp inhibitory effect seemed to depend on & specific interaction with
zinc. Among such reagenis, certain amines {and amides) wers found most intereating, Thus, at
a molar ratlo of amine to zine of 1 to 5 we have found a sharp oatalyst deactivation, This finding,
we believe, may have interesting implications regarding the nature of the sotlve species, besides
its praotioal utilfty discussed below,

Poly(propylene oxides), obtained by the catalysts desoribed in this work, were found to
exhibit an unexpeocted atability against oxidative degradation when they were short-stopped with
certaln amines, Autoxidation tests at 130°C, {n o-dichlorobenzene solution, indicated significant
induction periods for oxygen uptake, as shown in Table I

Table I

Effect of Short-stopping Agent on Induction Time, t, for
Oxygen-uptake at 130°C in o-Dichlorobenzene Solution {5%)

Short-stopping Agent* ti, hours
Water 0.17
Isopropylamine 6.0
n-Butylamine 3.0
Diisobutylamine 3.2
Cyoclohexylamine 3.8
Aniline 260
N-Methylaniline 350
Poly(propylene oxide), catalyst removed 0

+ aniline 0

+ N-Me-aniline 150
¥ Amine/Zn (mole ratio} 1,0, Zn#0,025 g. atom %.

Apparently catalyst-amine combination has a definite antioxidant effect, The magnitude of
this effect does not sesm related to the shielding of the amine nitrogen, since thera ig 1ittle differ-
ence between n-butylamine and lsopropylamine or di-isobutylamine, The antioxidant effect is,
however, dramaticaily inoreased with aromatic amines, This stabilizing effect, of catalyst-amine
combination on poly({propylene oxide), is supported by the results of additional aging experiments
carried out on polymer films, in air-circulated oven (Geer) at 70°C, These are summarized in

Table II.
Table I

Afr-oirculated Oven Aging of Poly(propylene oxide) Films
{about 1 mm) at 70°C

Intrinsic Viecositiea, dl/g
after Oven Aging, in Days

Short-stopping Agent {about 1.5 0 3 7
Isopropylamine %.6 7.9 7.0
Aniline 10.8 11.1 1.9
N-Methylaniline 8.5 8.7 8.3

In these teats there was practically no welght loss at the end of 7 days, except an initial loss of
1~2% probably due to residual solvent, Moderate welght losses, around 10%, were ohserved after
12 days for samples short-stopped with igopropylamine, and no weight loes could be detected over
a 60-day period for those short-stopped with aniline,
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POLYMER CHARACTERISTICS

Catalynts desoribed in this paper are distinguished essentially by thelr stereospecifioity.
Those obtained (and activated) with a secondary aleohol, such as isopropyl alcohol or sec-butyl
alcohol give a nearly amorphous polymer, while those activated with a primary alcohol, e.g,
n-butanol, give a moderately orystalline polymer. Polymer properties are summarized in
Table IV,

Table IV

Propertiea of Poly(propylens oxide)
Obtained with Catalysts of this Work

Catalyst in which R =

sec-alkyl n-alkyl

Glass transition temp,® |- 1B8°C - 15°C
Melting point® 60°C ’ 85°C
% Crystailinity® 5-17 20-25
MO 2x1054 108  5x 1050 2 x 108
My/Mhy (exel, oiigomer? both 1,340 1.5
% Cligomers (M, 800) both & o 20%
Techniques;

a DTA

b X-ray

g Mechrolab §02 membrane osmometer

Extraction with heptane-methanol at room temperaturs
or isoocotane at 0°C

A distinguishing feature of our catalysts seemstobeverynarrow mol welght distribution of
the polymers obtained, excluding the oligomerio fraction,

Poly(propylene oxides)obtained by sec-alkyl type catalysts, when peroxide-oured, or when
thelr copolymers with allylglycidyl ether (3-7%) are vulcanized by an accelerated sulfur reofpe,
show good overall properties (8) for an elastomer: low temperature (brittleness), ozone resist-
ance, and oven aging resistance were found excellent, The rebound was fair to good.

They rate poor, howevsr, in solvent resistance for high octane solvents (e.g. fuel ASTMB;:
isooctane/toluene 7:3), Consequently, polymer modification, by introduction of a suitable co~
monomer seems Indicated o Inorease solvent resistance.

CONCLUBIONS

The catalysts of this work are essentially metal oxide alkoxides, In common with previ-
ously known hydrolyzed metal alkyl catalysts, they contain metal-oxygen-metal groupings. Thias
supports the generally accepted view {2), that such groupings are necessary for catalytic aotivity,
In contrast with the hydrolyzed metal alkyl catalysts, our catalysts, despite thelir high activity,
do not contain metal to carbon bonds, Therefore, we may conolude that suoh metal to carbon
bonde are not essentlal for catalytio activity, *

Low cost of catalyat praparation, convenience of the polymerization proceas yielding a
stable product and good overall properties of this latter as an elastomer are factors which should
encourage its development to useful new rubbers, Incorporation of a comonomer in ahout 5 t0
20% should allow manufacture of tallor-made rubbers for particular end-uses, Availabllity of
oatalysts glving essentiaily amorphous or up to 25% orystalline polymers yields both amorphous
and orystallizable (self-reinforoing) types of rubbers. Such a development should find an fmpetus
in the predicted decrsase in the actual price of propylene oxide,
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* After this work was completed, two recent disclosures on highly actlve heterogeneous catalysts,
1,e, bimetallioc cyanide complexes (9) and zine xanthates, eto, (10), subatantially confirm our

conclusions,
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