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 interpretation of the over-all reduction process. little chance of growth of existing nuclei and that One comtant sufficiently approximates the data the reaction rate is controlled by diffusion. Activation Energy.-Arrhenius plots gave an with only a slight amount of sinusoidal curvature about the straight line drawn through the experi- apparent activation energy of 14.7 kcal. for the mental points. The fit of the data to eq. 5 is re- oxide from calcination of copper nitrate and 12.3 markably good, considering the fact that an average kcal. for the oxide from oxidized copper wires after value of xi was used over a fraction range from 0.2 crushing (Fig. 4). The activation energy for the ~ to 0.4. This relative insensitivity to the z1value is reduction of CuO from calcining of C U ( O H ) wad due to the fact the maximum rate does not peak not determined since only one temperature was used. Within the accuracy of the plots (*20%), sharply (Fig. 1). Deviations from eq. 3 would be expected a t the the activation energy is considered to be the same very beginning and a t the end of the reaction since for the two oxides used. Acknowledgments.-The author is indebted to any small error in measurement of the fractions reduced will introduce large errors in the value of the following individuals for assistance in carry(0.3 3- x)/(l - x). However, they will not be so ing out this research project: J. F. Talley for great as the variations shown toward the end of the technical assistance; W. R. Laing for surface area reduction. The equation is not obeyed beyond determinations; R. L. Sherman for X-ray dif90% reduction. It is likely that the remaining CuO fraction analyses; and L. 31. Ferris and C. E. is enclosed completely in the copper particles with Schilling for stimulating discussions.
 
 POLYFUNCTIONAL ADDITION POLYMERIZATTOS (THEORY AND EXPERIMENT) BY NORMAN T. XOTLEY~ Photo Products Department, E’. I . du Pont de Nemours & Company, Parlin, .V. J . Eeceived November 20, 1961
 
 The photopolymerization of a polyfunctional monomer (triethylene glycol diacrylate) was studied quantitatively with particular emphasis on the extent to which the reaction can go t o completion. Dilution with high molecular weight material (cellulose acetate) sharply reduced the limiting degree of conversion which could be reatored by partial replacement with inert solvent (triethylene glycol dipropionate). The limiting degree of conversion increased with the concentration of photoinitiator, 9 = c’ [Initiator]O**l= k’(Ri)o.eland with the intensity of photo exposure (Io). @ = c’(10)0.24 = /C‘’(R~)O~*~. From a theoretical model in which propagation occurs only in virgin pockets and the passage of the growing chain by growth diffusion excludes further reaction in its environs, a theoretical relationship was derived 4, = c(R,)O.*j. The experimental dependence of polymerization rate upon the concentration of initiator and upon the intensity of photo exposure a t high conversions was found to be consistent with the theoretical postulates.
 
 Introduction Investigations of free-radical polymerization kinetics usually are made at low conversion or in dilute solution. This allows use of dilatometry or refractive index measurement for following the reaction and simplifies interpretation of the results. These methods of measurement require, however, that the polymerizing system have sufficient fluidity to conform to the shape of its containing vessel. Where the polymerizing system is in whole or in part of polyfunctional monomer, then the products pull away from the container during the reaction and the standard kinetic methods are not, applicable. The heat output is a convenient measure of reaction, especially where conditions approximate t o adiabatic. Significant results are possible providing the reaction is photoinitiated and the temperature does not rise sufficiently for thermal initiation to make an appreciable contribution. A hundredfold excem of photo over thermal polymerization rate mas achieved with photosensitized triethyleneglycol diacrylate. With a-methoxy-a-phengl-acetophenone (benzoin methyl ether) as photoinitiator reaction temperatures up to 80’ were possible with(1) Metal Box Co., Kendal Avenue, London, W.3, England.
 
 out the complication of significant thermal initiation. The temperature rise during polymerization of pure triethylene glycol diacrylate could be as high as 150’ if there were no heat losses from the system. In these conditions there would be charring and loss of light transmission and the temperature would unduly favor thermal initiation. These difficulties occur if a thick sample is used. With a thin sample, heat loss to the container prevents excessive temperature rise, but calculation of heat output of the reaction is impractical. It was found highly desirable to give the monomer dimensional stability by making it the plasticizer of a non-interfering polymer, cellulose acetate. This technique eliminated the need for a containing vessel for the monomer, thus simplifying the heatloss corrections. Part of the heat output of polymerization was nom shared with the bulking polymer and some lost by radiation to the outside. The first loss was calculated readily and the latter obtained readily by experiment. There was some diminution of actinic intensity through these samples. However, it was not very serious with a thickness of one millimeter, and the effect was minimized by keeping the sample thickness within close tolerance.
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 quired no purification. Its 55’3 combined acetic acid indirated 1.8 acetate groups per ring. Benzoin methyl ether* was prepared by passing hydrogen chloride into a solution of benzoin in methanol at, 50’ and recrystallizing the product from ethanol. Cellulose acetate (60 g.), triethyleneglycol diacrylate (40 g.), and benzoin methyl ether (0.4 g.) were dissolved in acetone (200 cc.)/ethyl alcohol (20 cc.). After the solution was degassed and spread between dams which confined an area of 1300 cm.*, slow evaporation gave a clear bubble-free sheet 0.6 mm. thick. An iron-constantan thermocouple was made by buttjoining 0.2 mm. wires and enclosing the junction centrally between two pieces of the monomer each 2 cm. by 2.5 cm. The sandwich was pressed between polished platens a t 150’ to make a sample for a photopolymerization experiment. Heat Capacity.-The heat capacity (ST) of the polymerization system was measured in a differential calorimeter. The sample was sealed in a small brass calorimeter which was centrally located inside a second brass cylinder whirh wa! evenly heated, with the temperature maintained exactly 5 above that of the inner calorimeter. A temperature-time curve was obtained under these highly reproducible conditions of heating and compared with similar heating curves for the empty calorimeter and for the same calorimeter filled with powdered sapphire. The heat capacity then could be calculated as a continuous function of temperature.
 
 Ultraviolet source Fig. I.-Photopolymerization
 
 apparatus.
 
 The composition, cellulose acetate (40%)/triethyleneglycol diacrylate (60%) has a heat capacity of 0.46 cal. per gram and cellulose acetate (60%)/ triethyleneglycol diacrylate (40%) of 0.40 cal. per gram. For both compositions the measurement is independent of temperature in the measured range of 30 to looo. Heat capacity for a polymer/plasticizer system is expected to be a d d i t i ~ e so , ~ heat capacities for these polymerization systems can be summarized as: X = 0.30(cellulose acetate) O.56(triethylene glycol diacrylate) cal./g. Since this value is independent of temperature, and is expected to be essentially independent of the extent of polymerization of the m ~ n o m e r it , ~ does not change during the course of photo exposure.
 
 +
 
 so
 
 D.C. = ( S / H M ) AT,,,,
 
 (2)
 
 Heat of Polymerization. The heat of polymerization of methyl acrylate has been determined4 as - A H = 20.2 1.0 kcal. per mole. We rely on evidence that the molar heat of polymerization of an ester of an ethylenically unsaturated acid is essentially independent of the saturated esterifying group.S So this value of AH is applied to the present polymerization of acrylate groups remembering that the full molar heat of polymerization for triethylene glycol diacrylate becomes 2 X 20.2 kcal. per mole.
 
 *
 
 2 3 4 Time in minutes. Fig. 2.-Conversion as a function of time.
 
 1
 
 Experimental Temperature of the monomer was recorded continuously during controlled ultraviolet exposure. A cooling curve obtained under the same experimental conditions allowed a heat-loss correction and calculation of the temperatures which would have been observed under adiabatic conditions (To,,rr).Then the degree of conversion after t sec. was given hy the integral
 
 where ST = heat capacity of polymerization system a t T o H = molar heat of polymerization M = moles of monomer per gram of polymerization system
 
 Materials Triethyleneglycol diacrylate was prepared by an esterification reaction in benzene a t reflux. The polyfunctional monomer was purified by a series of aqueous washes and filtration through a 40-cm. column of alumina before removal of the solvent by evaporation. Cellulose acetate (Textile Fibres Department, E. I. du Pont de Kemours & Co.) was a film grade polymer from “cotton linters” cellulose and re-
 
 Photopolymerization Procedure.-The ultraviolet light source, a 100 watt mercury vapor arc lamp, was supplied by a stabilized power circuit. Mounted on an optical bench with a quartz lens system, it gave a sharplv collimated beam. An iris diaphragm a t a focal point of the optical system controlled the intensity, independently of wave length distribution. Intensity was measured, in arhitrary units, with a “photometer probe” in the plane of the polymerizable system. The sample was supported in a sealed cell (Fig. I) by the iron/constantan leads of its thermocouple, connected to a high vacuum system, and sealed off a t a preesure lower than 10-4 mm. The eample was irradiated through an optically flat side of the cell and its temperature was followed continuously with a recording potentiometer. (2) E. Flsoher, Bey., 26, 2412 (1893). (3) 9. M. Skuratov and M. 9. Shkitov, Compt. rend. m a d . 8 8 % . U R S S . 58, 627 (1946). (4) A. G. Evans and E. Tyrrall, J . Polgmer Scz., 2, 387 (1947). (5) L. X. J. Tong and W. 0. Xenyon, J . Am. Chem. Soc., 6 8 , 1355 (1946).
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 The apparatus was calibrated by recording a cooling curve on a sample which had been polymerized already. The thermocouple wires were used to heat the sample initially to a teinperature just above that which was encountered in photopolymerization. The cooling curve which was obtained under standard operating conditions of high vacuum and photo exposure was the basis for calculating values of To,,,, temperatures which would have been recorded in a polymerization experiment had the reaction conditions been stricbly adiabatic.
 
 Results Degree of Conversion.-A typical polymerization curve is illustrated in Fig. 2. The degree of conversion does not approach unity even with very long polymerization times. This behavior had been observed qualitatively by Melville,6 but now the limiting value is shown to vary widely with monomer concentration and with rate of initiation. It also has been observed that post-cures of even rather high exposure intensity give only slight increase in the conversion. This is particularly interesting when compared with the theoretical treatmen t developed below, in which the immobilization of unsaturated groups is primarily dependent on the coil size of growth paths in the polymerized network, consequently depending on the polymerization history as well as the subsequent temperature or intensity of irradiation. The dependence of the limiting degree of conversion upon the ratio of monomer to filler was examined throughout the range experimentally accessible and is illustrated in Fig. 3. The range 50 to 702> filler in which very rapid change of limiting degree of conversion occurs is also the region in which a very sharp change in the macroscopic flow property occurs. At the mid-point of this range, a composition (30% filler under a stress of 100 p.s.i. at 50’ flows 1.5% per hour; 70% filler on the one hand gives a rather rigid structinre while 50% filler on the other is only just sufficient to prevent a visible rate of flow under no loading. It was somewhat surprising that degrees of conversion over 80% should be recorded since 50% of all unsaturation is available only as potential crosslinks. These high values suggested that the estimate of heat of polymerization might err on the low side. This possibility was probed by looking for mays of further increasing the degree of conversion. The present observations could not be extended to l o w r concentrations of filler since such compositions lacked dimensional stability. However it was observed that the limiting degree of conversion could be raised by diluting the monomer with triethylene glycol dipropionate, the filler concentration being unchanged (67% cellulose acetate). This lead was pursued in order to see whether the anomaly of conversions higher than unity would occur. I n Table I it appears that dilution of the monomer gives a rapid increase in limiting conversion but only until a plateau of 65% limiting conversion is reached. At lower filler concentrations this boosting effect may be entirely absent, e.g., with 60% filler the limit apparently is unchanged a t 73% even through very heavy replacement by non-polymerizable plasticizer. Effect of Initiation Rate.-The relation between (6) H. R
 
 hlelville, Proc. Roy. Foc (London), AZX’. 149 (19X).
 
 40 9%
 
 807%
 
 Filler concn. Figure 3.
 
 1.8
 
 c
 
 /
 
 I”,’ 0.6
 
 1.6
 
 log (intensity). Fig. 4.--L)egree of conversion as a function of intensity.
 
 -d 3.5 2.0 log (conrn.). Fig. 5.-Limii ing degree of conversion vs. initiator concentration.
 
 the limiting degree of conversion (a) and the initiation rate was examined through a range of exposure intensities and as a function of photoinitiator concentration. The light intensity was controlled with the iris diaphragm/photometer, and fivefold range of intensity was possible without reducing the rate of photo reaction to the point where the thermal
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 TABLE I Monomer in plasticizer 100 mixture, % Degree of 1 6 7 % filler 34 conversion, “/o / G O % filler 68
 
 83 45
 
 .
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 10 Plateau value (root mean square) 61 65 1 .. 7 3 =t2
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 (dark) reaction made a significant contribution. immobility of 50% of the monomer units which The limiting degree of conversion decreased from are immobilized by the polymerization of their 66 to 30%. The data are represented Sogarithmi- monomer partners and yet to some extent still cally in Fig. 4, which suggests a relation between polymerize. limiting degree of conversion (@) and exposure inIt is proposed here that all translational motion, tensity ( l o ) : @ = k(10)0.24= l~(Ri)0.~4, where R, is whether of monomer or of polymer, is restricted the rate of initiation. from quite early in the reaction. Polymerization I n the alternative experimental approach the still can proceed, monomer units being gathered photoinitiator (benzoin methyl ether) concentration when the active end of a live chain progresses on a mas varied through a fifteenfold range from 1.5 to random walk by “growth diffusion.” The growing 0.1 grams per hundred grams of monomer. It was chain depletes its immediate environs to such an established that the contribution of direct photo- extent that no other chain can grow through its initiation under the conditions of exposure described path. The polymerizing system is visualized as a was less than 3% even a t the lowest photoinitiator fine mixture of “forbidden pockets” and “virgin concentration. The concentration of inert polymer pockets.” In the “forbidden pockets” there are with which dimensional stability of sample was reacted functional groups and unreacted groups secured was exactly the same in each polymeriza- together, but no further reaction is possible. Furtion (although not the same as in the exposure in- ther polymerization occurs only in the virgin tensity studies, above). The limiting degree of pockets. So conditions at the site of polymerizaconversion decreased from 46% to 28%. The tion are unchanging, except for a moderate temrise, and for most of the reaction, excluding representation of Fig. 5 suggests cf, = k [ I n i t i a t ~ r ] ~perature .~~ oiily the early stages, the rate constaiits of propagak(&)O.”, Theory.-The kinetics of free radical polymeriza- tion and of termination are unchanging. From this tion have been most rigorously derived for the bi- postulate of prohibited translational motion, relafunctional addition reaction in dilute solution, tions between the limiting degree of conversion and or in bulk at low couversions. Anomalous results the process conditions can be developed. The coilcentration of functional units is repreare found in some solutions a t higher concentrations and in most bulk monomers at higher con- sented as unity and the extent of reaction, that is v e r s i o n ~ . ~Autoacceleration or the “gel effect” the ratio of reacted to total units, is X. The extent has been observed at conversions of less than 1% of reaction reaches its limiting value (@) t~7henthe when the polymer is not soluble in the polymerizing growth paths are just touching, when all functional system, e.g.,. methyl methacrylate polymerizing groups are embraced by the forbidden pockets. I t is So in forbidden pockets the ratio of total functional from a solution in heptane or interpreted as a decreasing termination rate con- groups to reacted functional groups is l/@. When stant, since decreasing diffusioiial mobility affects the extent of reaction is X, there are X reacted polymeric diffusion, particularly polymer-polymer groups in forbidden pockets and a total of X/+ contacts, before it restricts the movement of Luiictional groups therein. So the chance of a free radical being in a virgin pocket, of being in a monomer. growth situation, is (1 - X i + ) . This is the effecIf this gelation orcurs early in the reaction, as it tive monomer concentration, and the rate of propadoes in a polyfuiictional polymerization, then the gation is reaction slows up and stops before complete cona-x version of the monomer. A special case of incomR, = kp[M.] ___ (3) @ plete polymerization has been considered by Tobolsky.g The catalyzed polymerization of isoprene has where [&I.]is the total concentration of free radia limiting degree of conversion which can be quan- cals and k , the propagation rate coiistant. The path of the growing polymer chain should titatively explained as exhaustion of catalyst. However, if a photoinitiated polymerization were approximate to a random walk in three dimensions. controlled by catalyrt exhaustion, higher intensi- This reaction path has no separate existence in the ties of exposure would lower the limiting degree of final polymer, being subsequently attached at conversion. The present polymerization clearly many points to the three dimensional network. The (root mean square) displacemeiit length or does not follow this course. To explain the incomplete polymerization of end-to-end distance of a random walk has been polyfunctional monomers, one might postulate a calculated lo as continuously declining propagation rate constant. d=i r - cn1/2 This does not lead to an explanation of the wide where n is the number of repeating units, here the variations of conversion with catalyst concentration number of reacted functional groups, and c is a and it takes insufficient account of the obvious measure of their individual length. The total (7) G.V. Schulz and G.Harborth, Makromol. Chcm , 1, 106 (1947) (8) R.G.W. n’orrish and R . R.s m i t h , S a t w e , 160, 336 (1942). 19) A. V. Tobolsky, J . Ani. Chem. Soc., 80, 5927 (1958).
 
 (10) Lord Rayleigh Phi2 M a g . , 37,321 (1919); 11 K u h n , Kolload Z., 76, 258 (1936)
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 number of functional groups, reacted and trapped together, is equal to the volume of this gelled region or proportional to the cube of any linear dimension. The limiting degree of conversion may be written as the ratio of reacted to total functional groups; so
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 .' 0 ,'0 10
 
 0 = const. (n/c3na/z) = c(n)-'/z
 
 The length of the polymer chain is determined by the ratio of propagation to initiation rate so --
 
 cZ/(Ri/R,) (4) While the average chain length cannot be obtained rigorously, an estimate may be obtained by introducing the median value of Bi/R,, the value at half-react,ion. Then X = @I2 and from ( 3 ) , R, = l/&[M.l. The ultimate loss of free radicals is bv growth collisions which, like diffusional collisio
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