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 THE KINETICS OF THE POLYMERIZATION OF ETHYLENE WITH TRIETHYLALUMINUM AND TITANIUM TETRACHLORIDE CATALYSTS BY HANSFEILCHENFELD AND MOSHEJESELSON Contribution from the Petrochemical Laboratory of the Research Council of Israel and the Physical Chemistry Department, Hebrew University, Jerusalem, Israel Received October $8,1968
 
 The polymerization of ethylene was carried out in a he tane solution at 37". Varying amounts of triethylaluminum and titanium tetrachloride were used as catalysts. The resuks show that the reaction is of the 6rst order with respect both to ethylene and to titanium tetrachloride as long as an excess of triethylaluminum is present.
 
 Introduction The publication by Zieglerl of his process for the polymerization of ethylene to high molecular polyethylene by the use of mixed catalysts of the type alkyl metal-metal polyhalide has initiated research in different aspects of the reaction. Little of this work has as yet been published; this is particularly true of the system A1(C2H5)8-TiCl4 which Ziegler pointed out to be especially efficient. This may be attributed to the extreme reactivity of both components which causes inconvenience in handling. I n this paper some results on the kinetics of the reaction will be given. The polymerization of ethylene was carried out in nheptane a t partial pressures of ethylene from about 50 to 1000 mm. The catalyst was Al(CzH5)a with small amounts of Tic&.
 
 the catalyst; this can only be achieved after the initial period. To investigate the order of the reaction the experiment was arranged in such a way that from time to time some of the ethylene \vas suddenly withdrawn by pumping. This procedure allowed the measurement of the rate at different pressures but a t the same activity of the catalyst; no further impurities were introduced since no fresh ethylene was fed into the apparatus; in addition, the degree of polymerization before and after withdrawal was virtually the same. The method avoided therefore the comparison of rates a t different degrees of polymerization and catalyst activity. The volume of the vapor space was chosen to be rather small in order to reduce shielding effects due to large quantities of polyethylene forming around the active centers. Apparatus.-The reaction took place in a flat-bottom If a first-order law holds the plot of log p against flask, the volume of which together with the connecting tubing was 2.2 1. Ethylene obtained from dehydration of t should show a straight line the slope of which before withdrawal should be the same as that after ethanol over alumina a t 400" was washed in alcohol at -70" and condensed in a trap by liquid air. After enough ethylene withdrawal. Figure 2 shows this plot. Under was collected the apparatus was evacuated; the liquid the given conditions the reaction appears therefore air-bath then was removed and the ethylene evaporated until the desired pressure was obtained. The excess ethyl- to be of the first order. To investigate the change of catalyst-activity ene was vented. Three hundred ml. of n-heptane (ASTM oFtane number grade, dried over sodium and freshly dis- with time a long run without withdrawals was tilled before each experiment) was injected into the reaction made. On the assumption that the first-order law vessel by means of a syringe, the needle passing through a self-sealing rubber gasket. I n the same way the desired holds, as shown in the previous paragraph, the amounts of triethylaluminumz and titanium tetrachloride3 activity on termination of the run after 72 hours were introduced one after the other. The mixture was had fallen by 50%. By then a little over 100 moles stirred by a magnetic stirrer at a speed sufficient to make the of ethylene had been polymerized per mole of Tirate of reaction independent of stirring. Pressure readings were taken. Occasionally gas samples were analyzed by Clr. Part or all of the reduction of catalyst activity gas chromatography; they showed the presence of small is no doubt due to poisoning of the catalyst, since amounts of nitrogen and decomposition roducts. These in this experiment fresh ethylene was added from were taken into account when calculating t f e partial pressure time to time. of ethylene ( p ) from the pressure readings. The temperaIn another experiment the temperature was ture was kept constant at 37.5 Z! 0.5" by means of a waterchanged first to 47 and then to 5 7 O . This had no bath heated with an immersion heater. significant effect on the rate of ethylene uptake. Results Although no doubt the reaction velocity increased Figure 1 shows the rate of change of partial with rise of temperature, this was effectively counpressure of ethylene with time after the introduction terbalanced by the lower ethylene concentrations of TiC14. From the results it appears that there is in the solvent a t the higher temperatures. It was next attempted to investigate the ina very short induction period (more pronounced if, instead of Al(CzH& the less reactive A1(C2H6)2Br fluence of additions of different amounts of Tic14 is used). The rate of reaction then increases while keeping the amount of A1(CzH,J3 in excess rapidly, passes through a maximum and decreases and constant a t 2.5 m1./300 ml. of solvent. This slowly. For the study of the kinetics of the re- was done by repeating the procedure outlined above, action the first period, namely, that of catalyst using each time a different amount of TiCL. formation, is not suitable, because it is necessary An alternative way was to add increasing amounts to work with equal quantities and reactivities of of TiGI., while the polymerization was proceeding. The results of both methods agreed among them(1) D. K. Ziegler, E. Holskamp, H. Brei1 and H. Martin, Angew. selves. The constant k', a function of the amount Chem., 67, 541 (1955). of catalyst, was defined in the usual way by the (2) A. V . Grosse and J. M. Mavity, J . Oru. Chem., 6 , 106 (1940). (3) E . Demargay, Compl. rend., 104, 111 (1887). equation
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 where t is measured in hours. The plot of k' against ml. of T i c &added is given in Fig. 3. It can be seen that with an excess of A1(CzHs)ak' increases 0 0.1250.25 0.5 0.1 0.2 with increasing amounts of TiC14. There is a TiCI,, ml. slight tendency toward flattening off a t higher Fig. 3.-Influence of varying amounts of Tic14 on the rateconcentrations of TiCL constant in the presence of an excess of Al( C2H& On the other hand, working with an excess of r = u + v (4) T i c &over A1(C2H& gave a more oily polynier and the reaction did not follow a first-order law. But Discussion (5) Since the polymerization takes place a t the interface between the solid catalyst and the solv = - - dn dt vent, the first-order kinetic law should have the form and n, the number of moles of ethylene in the gas phase r = kAc (2) where V,,, n =- p RT
 
 r is the rate of polymerization in moles/hr. A the active surface area of the catalyst in cm.a c the concn. of ethylene in moles/ml. solvent IC is the rate constant in ml./cm.a hr.
 
 Since the experiment was run a t constant volume and temperature
 
 Since stirring was sufficiently rapid the concen tration of ethylene was for all practical purposes a t its equilibrium value. By Henry's law, therefore c = ffp
 
 (3)
 
 The rate of polymerization, on the other hand, equals the sum of the rates of disappearance of ethylene from the liquid (u) and the vapor (v) phases
 
 therefore (9)
 
 The solubility of ethylene in heptane was determined experimentally and the constant in equation 3 found to be
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 = 1.2 X 10-4 moles mL-1 atm.-’
 
 If the values for the volume of the gas and liquid phases are inserted in equation 9 V,,, CYVliquid = 0.036 and - . = 0.077 r =
 
 *
 
 - 0.113 dt
 
 RT
 
 =
 
 kAc = kAap
 
 (10)
 
 It follows that the rate of polymerization is about 50% higher than the rate of disappearance of ethylene from the gas phase. It has been shown in the experimental part that after an initial rise, during which the catalyst surface is formed, the activity of the catalyst remains practically constant for a considerable time. Therefore after the induction period, A remains constant and equation 10 can be integrated to give log PdPz = k’(tz
 
 - tl)
 
 (11)
 
 Vol. 63
 
 If it is accepted that A , the area of the catalyst surface, is proportional to the volume V of TiC14 added, A1(CzH5)3being present in excess, equation 11 can be re-written log pi/pz = k Y VTiC14 (h
 
 where
 
 x
 
 (13)
 
 - 0.113-dP
 
 r = IcAW k‘ = = 4.6 2.3 X 0.113
 
 - h)
 
 Although there is some scatter it can be seen from Fig. 3 that the assumption is not far from the truth. k” works out to be equal to 3.5 per hour per ml. of TiC14. In the constant volume system described, 1 ml. of TiC14 with an excess of A1(C2Hs)3will cause a pressure drop of (say from 2 to 1 atm.) to take place in about 5 min. This is the rate of disappearance of ethylene from the gas phase. As has been shown above, the rate of polymerization is about 50% higher. I n a constant pressure system where the concentration of ethylene in the liquid phase remains constant both rates are the same. According to equation 10 dt
 
 10-4 k~
 
 This is the equation which has been experimentally confirmed (Fig. 2) and which is in accord with the data published by Natta4for the system containing Tic&. Deviations from the first-order law6 can be observed in a constant volume system when measurements are made with a freshly precipitated catalyst. The decrease in the rate is then not only due to the decrease in the partial pressure of ethylene but also to a diminution of catalyst surface caused by excessive reduction of the titanium and by the the conglomeration of the particles. If the decrease in catalyst activity is disregarded the order seems higher than it actually is. An alternative explanation for the excessive decrease in the rate before constancy is reached, is the following. In the reaction between TiC14 and Al(C2H5)3to form the active catalyst, free radicals (or carbanions) are formed. These will react with ethylene, superimposing a transient polymerization reaction over the constant one. The decrease in the rate of disappearance of ethylene will therefore be higher than expected from the first-order law as long as the reaction between TiC14 and A1(CzHs)3 is not complete. (4) G. Natta, I. Pasquon and E. Giaohctti. Angew. Chem., 69, 213 (1957). ( 5 ) J. C. McGowan and B, M . Ford, J . Chem. Soc., 1149 (1958).
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 But from equation 13
 
 - dt
 
 = 2.3ktfVTic@
 
 (15)
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 = 0.113
 
 x
 
 2.3
 
 x
 
 3.5VTiCi4p
 
 (16)
 
 and the polymerization will proceed a t the rate of 0.9 mole/atm./ml. TiCl4/hr. or 26 g./atm./ml. TiC14/hr. I n the catalyst system consisting of an excess of triethylaluminum over titanium tetrachloride the polymerization of ethylene proceeded a t a rate proportional both to the partial pressure of ethylene and to the amount of titanium tetrachloride added. This rate was virtually constant over a long period of time, if the first half hour of catalyst formation is disregarded. The higher rates a t the beginning may be due to the transient presence of soluble or colloidal catalyst. The first-order rate does not prove any definite mechanism. It appears, however, that neither the reducing properties of triethylaluminum nor the partial pressure of ethylene influence the activity of the catalyst once the latter is stabilized. Acknowledgment.-This work has been carried out with the financial help of the Israel-American Joint Fund for Technical Assistance. The advice and encouragment of Professor G. Stein are gratefully acknowledged.
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 HEATS OF FORMATION OF MOLYBDENUM OXYCHLORIDES BY ROBERT L. GRAHAM AND LORENG. HEPLER Contribution f r o m Cobb Chemical Laboratory, University of Virginia, Charlottesville, V u . Received October 29, 1968
 
 We have prepared M 0 0 ~ C l ~ ( cand ) Mo0(OH)2C12(c)in a very pure state by methods somewhat different from those previously described by others. Heats of reaction of both of these compounds with aqueous sodium hydroxide have been determined and the results of these calorimetric experiments have been used in calculating that the standard heats of formation of MoOzCl2(c) and MoO(OH)2Clz(c) at 298°K. are - 169.8 and -245.2 kcal./mole, respectively. We have used these heats of formation as the basis for calculation of equilibrium constants for some interesting reactions of these compounds.
 
 As part of a systematic investigation of the thermochemistry of transition element compounds we have determined heats of formation of MoO.#b(c) and MoO(OH)&12(c). It should be noted that the structure of the second compound is not known and that the formula might well be written M o o r 2HC1 or Mo02Clz.Hz0. No values for the heats of formation of these compounds are listed in the National Bureau of Standards Circular 500.' We have prepared both compounds in a pure state by methods somewhat different from those previously described by others. Experimental The heat of solution calorimeter used in this investigation All of the calorimetric experiments has been described reported in this paper were carried out at 25.0 f 0.3" with 950 ml. of solution in the calorimeter. Samples of Mooz from two sources were used in the preparation of MoO2Cl2. The first sample of MoOz was prepared by reducing pure Moos with HZin a tube furnace a t 490'. This procedure gave us a product that was 88% MoOz as determined by reoxidation to MoOa. Our second sample of MOO, was generously given to us by Climax Molybdenum Company and was in the form of pellets 1/4-inchin diameter. No estimate of the Mooz content of this sample was made because our work with the first sample showed that a high MOO, content was unnecessary for preparation of pure M002Cl2. We prepared MoOzClzfrom the first sample of Moo2 by passing carefully dried Clz over the Moo2 in a tube furnace maintained at 350". A round bottom flask, with side arm as exit tube for excess Clz, was used as a receiver for the MoOzCl2 that sublimed out of the heated reaction tube. After the reaction was complete the apparatus was cooled and flushed with dry NZand then the receiving flask containing Mo02C12 was connected to another similar flask. The receiver with crude Mo02C12 was placed in a small iurnace that we constructed by winding Nichrome wire on an asbestos-covered can. One end of the furnace can had a small hole for the side arm of the flask containing MoOzClz to pass through and the other (removable) end of the furnace can also had a hole in it just large enough to accommodate the tube connecting the two flasks. Dry Nz was slowly passed through the apparatus as the temperature was raised to 150°, at which temperature the Mo02C12 slowly sublimed from the hot flask to the cold flask, leavin behind a dark blue residue. After the sample was purifief by five sublimations, the Mo content of the product was found to be 47.80 + 0.05%. We calculated 48.25% Mo for MoO2Cl2. Five more sublimations were carried out and the final sublimate, Mo02C12,was round to contain 48.14 f 0.02% Mo. Another sample of Mo02CI, was prepared from the Moo2 obtained from Climax Molybdenum Company. Pellets of Moo2 were placed in the sublimation apparatus and dry Clz was passed up through them. The reaction proceeded fairly rapidly at 150". The .crude MoOsCIZ formed was sublimed ten times and then analyzed and found to contain 48.19 f 0.02% Mo. .,pa
 
 (1) "Selected Values of Chemical Thermodynamic Properties," Circular 500, National Bureau of Standards, 1952. (2) C . N. Muldrow, Jr., and L. G . Hepler, J. A m . Chem. Soc., 79, 4045 (1957). (3) R. L. Graham and L. G. Hepler, ibid., 78, 4846 (1956).
 
 Our observations regarding MoO2Cl2 differ considerably from those of Neumann and Cook.4 Our pre arations were carried out a t somewhat lower temperatures &an were Neumann and Cook's. The crude Mo02ClZ that first collected in the receiver flask was yellow as described by Neumann and Cook but our sublimed and purified MoOzClz was a metallic light orange color and was stable for at least 6 months when protected from moisture. Exposure to traces of water vapor caused the pure MoO2CI2to turn yellow. It may be noted that Neumann and Cook4 erroneously calculated that MO0zClz contains 46.4% Mo (rather than 48,25% Mo) and reported that their MoO2C12 contained 46.3% Mo. We prepared MOO(OH)~C!~, or MoOa.2HC1, in" the sublimation apptratus by passing pure dry HCl over pure MOOSa t 250 . The product of this reaction collected in the cool receiving flask and was then sublimed twice a t 150' in a current of dry HC1. This purified MoO(0H)zClz was found to contain 44.26 f 0.03% Mo. We calculated that this compound should contain 44.24% Mo. The purified MoO(OH)ZCI~was lemon yellow in color and, when qtored in a dry atmosphere in a small sealed tube, was sufficiently stable that we were unable to detect any decomposition over a period of 6 weeks. These observations are not in agreement with those of Neumann and Cook.4 All of our Mo analyses were carried out by the permanganate method.6 Rheinhard's solution was used to inhibit oxidation of chloride ion. The analytical method was thoroughly tested on solutions containing known amounts of Mo in the presence of chloride ion. All of our samples of Mo02C12and MoO(OH)~CI~ were stored in desiccators in a dry box and all manipulations that involved exposing these compounds to the atmosphere were carried out in this same dry box as rapidly as possible.
 
 Results The heat of reaction of MoOzC12(c)with 950 ml. of dilute NaOH has been measured. The initial NaOH concentration for each experiment was such that the final NaOH concentration would be 0.011 M . The equation for the calorimetric reaction is written as
 
 +
 
 MoOzClz(c) 4NaOH(aq) = NazMo04(aq) 2NaCl(aq)
 
 +
 
 + 2Hz0(1)
 
 AH1
 
 (1)
 
 Results of our determinations of the heat of reaction 1 are given in Table I. On the basis of these results and estimated heats of dilution, we take AH1° = -65.3 i 0.5 kcal./mole Mo where i 0 . 5 indicates our estimate of the total uncertainty due to possible sample impurities, calorimetric errors and heat of dilution uncertainties. We have used this AHlO with standard heats of formation from National Bureau of Standards Circular 500' and our earlier paper on NazMo043in calculating that the standard heat of formation of MoOzClz(c) is - 169.8 kcal. /mole. The heat of reaction of MOO(OH)~CI~(C) with 950 ml. of dilute NaOH also has been measured, C. Cook, %bid.,79, 3026 (1957). (5) W. F. Hillebrand, C. E. F. Lundell, H. A. Bright and J. I. Hoffman, "Applied Inorganic Analysis," Second Edition, John Wiley and Sons, Inc., New York, N. Y., 1953, p. 307. (4) H. M. Neurnann and N.
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