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 ELEC'I'ROS PARAMAGNETIC RESONASCE STUDY OF IRRADIATED POLYVINYL CHLORIDE BY E. J. LAWTONAXD J. S. BALWIT Research Laboratory, General Electric Co., Schenectady, N . Y . Received Noaember 19, 1960
 
 Polyvinyl chloride irradiated at - 196' with 800 kv. (peak) electrons was examined for paramagnet,ic resonance to determine the types of radicals formed a t -196' and the behavior of the radical responsible for subsequent chain dehydrochlorination and color forination. Several different radicals are formed a t -196" giving rise t o a composite spectrum having an over-all spread of 170 gauss between outermost peaks of the derivative spectrum. At room temperature radicals formed a t 196" decay a t different exponential rates thought to.represent the different radical components, and the over-all spectrum narrows rapidly. The primary radical (1) -CH,CH-CH,-, decays during the first 2 minutes and after 5 minutes 83% of all radicals have decayed. Polymer radical-pair formation during radiolysis followed by crosslinking on warming is postulated t o explain the fast decay. The slowest decaying radical gives a single line spertrum 26 gauss \Tide and accounts for only i%) of all formed and decayed cnly 10yoduring 1800 hours a t room temperature in nitrogen. It is believed that this e.+ spectrum is given by the unstable propagating radical -CHt=CH-CH=CH-CH-CH(C1)--CH~-, which sustains chain dehydrochlorination leading to HC1, conjugated pnsaturation, and color. €Qdrogen is produced during the radiolysis indicating that polymer radicals of the type -CHa-C(Cl)-CHZ- and -CH(Cl)-CH-CH(C1)- are formed. The radiation yield for hydrogen a t -196' is G(HJ = 0.4. The yield for total radicals is cf = 2.1, and for primary radical (1) and HC1 is G = 0.5. The yield for the fraction of unstable radicals causing dehydrochlorination is G = 0.104. The yield for potential Narrowing of the speccrosslinks is G = 0.97. Changes in color and e.p.r. spectrum on annealing were followed t'o 400 trum with increasing t'emperatures is attributed to further delocalization of the odd electrons along the conjugated sequence of double bunds.
 
 -
 
 .
 
 Introduction This paper presents information relating to the primary polynitlr radicals formed during the radiolysis of P T C and to the behavior of the radical responsible for the subsequent chain dehydrochlorination and color formatioil. This latter radical, which i:; present in very low concentrations a t room temperiture, is the one mainly responsible for the reportcad' electron paramagnetic resonance spectra, to date, taken a t room temperature. I n addition, this paper considers the possibilities of polymer radiral pair formation during the radiolysis followed by crosslinking as a mechanism to explain some of the postirradiation behavior. A study of tlhe effects of ionizing radiation on polyvinyl chloride (PVC) was reported earlier by Chapiro3 and more recently by Miller.4 The results of the latter author, who used electron paramagnetic rewnance (e.p,r.) as one method to study some of the post irradiation changes in zacuo and in air at room temperature, support a free radical chsin mechanisnl for the dehydrochlorination of the polymer (initiated by the radiation) of the type. suggested by winkle^-.^ Cleavage of :in €I or C1 atom from the main chain during the irradiation can lead t o three Eossible primary polymer. radicals : (1) -CHZCH-CH,-. ( 2 ) -CH(Cl)-CH-CH(Cl)-; and (3) -CH2-C(Cl)-CH2-. I t was proposed by Miller4 that the major primary radical process is scission of the C-Cl bond to produce the stable polymer radical (1) -CH,-CH-CH?-. This is followed by a reaction 01' the C1 atom with a hydrogen atom on a nearby polymer chain to form, as a secondary product, an unstable radical of the type ( 2 ) -CHCH(C1)-. This is the polymer radical, suggested by TVinkler,5that sustains the propagation of the (1) R. J. Abraham a n d D. H. Whiffen, Trans. Faraday Soc., 54, 1291 (1958). (2) Z. Kun, €I L-edL a n d S Shida, .I Chem. P h y ? 32, 171 11960) (3) A. Chapiro J chzm p h y s . 63, 895 (1956) (4) . 4 A. Miller J . P h y s Chem., 63, 1755 (1959) ( 5 ) D E ' A i n 6 1 ~ r .T P o l s m e r Scz XXXB. 3 (19iO)
 
 chain reaction leading to the formation of HC1 and conjugated unsaturation. Thus a propagating
 
 .--
 
 c-
 
 radical of the type (4) -CH=CH-CH=CITCH(C1)-CH2- is formed which continues, leading to long polyene s y ~ t e m s . ~ Interruption of the sequence other than by an encounter with another radical, results in the unpaired electron becoming trapped by resonance within the conjugated o crosslinks on warming. Unfortunately, the latter fraction cannot be determined from the initial e.p.r. spectrum. The radicals responsible for slopes B and C (presumably radicals (2) and (3)) account for only lOy0 of all of the radicals formed. It is because of the initial rapid decay of primary radical (1) a t room temperature, that the reported e.p.r. spectra to date, for PVC taken a t room show only a broad single line and are representative of only a small fraction of all of the radicals formed (n hether as primary or as secondary) during the irradiation. An examination of the array of spectra in Fig. 2 indicates that the primary radical (I) which was completely absent in the 5 lniiiute spectrum (as evidenced by peaks A and B)must have decayed to zero during about the first 2 minutes storage a t room temperature. It can be determined from the decay curve that 50'7, of all radicals formed disappeared during the first 2 minutes of slope A, from which it is estimated that primary radical (15) M. W. Hanna and H. M. McConnell, Abstr. Bull. Am. Phya. Soc., 4, 415 (Nov. 1959).
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 Fig. 1.-Typical e.p.r. spectrum, taken a t - 1 9 6 O , of polyvinyl chloride irradiated to 40 megaroentgens a t - 196'.
 
 354
 
 I
 
 k34
 
 1
 
 1 1
 
 655
 
 1542 2166
 
 --
 
 ~
 
 - -
 
 1 C 1 ~ 1 1 *Hj
 
 hr Fig. 2.-Change and decay of e.p.r. spectrum of polyvinyl chloride, irradiated to 40 megaroentgens a t 19d0, on storage at room temperature in a nitrogen atmosphere. E.p.r. were measured at - 196'.
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 (1) accounts for 25% of all the radicals formed a t - 196'. The remainder of the radicals decaying during the last 3 minutes of slope A are thought to be radicals (2) and (3) and accouiit for 33% of all radicals. Radiation E5ciency for Radical Production at Liquid Nitrogen Temperature.-Estimates of the radiation efficiency for total radical production were made by comparing the time-zero measurements a t liquid nitrogen temperature of Fig. 3, with known concentrations of l,l-diphenyl-2-picrylhydrazyl radicals in benzene, following the procedure outlined in an earlier publication.* The total radical concentration produced by 40 megaroentgens irradiation a t liquid nitrogen temperature was found to be 4.3 X l O I 9 spins per gram, which corresponds to a radiation yield for total radical production of G = 2.1. The radiation yield for the production of polymer radicals giving rise to the initial rapid decay slope A, is G = 0.83 X 2.1 = 1.74. The yield for radicals decaying during the first 2 minutes of slope A, when polymer radical (1) disappears, is G = 0.5 x 2.1 = 1.0, from which it is estimated that the yield for primary radical (1) is G = 0.5. The yield for radicals decaying during the last 3 minutes of slope A, thought to be radicals (2) and ( 3 ) )is G = 0.33 x 2.1 = 0.74. The yield for radicals giving rise to slopes I3 and C, also thought to be radicals ( 2 ) and ( 3 ) ,is G = 0.1 X 2.1 = 0.21. Similarly, the yield for the fraction of unstable polymer radical ( 2 ) responsible for the chain dehydrochlorination and color is G = 0.07 X 2.1 = 0.14.
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 of the relative number of radicals a t room temperature in polyvingl chloride irradiated to 40 megaroentgens a t - 196”; storage in a nitrogen atmosphere.
 
 The value for the concentration of radicals formed in polyvinyl chloride by 40 megaroentgens a t liquid nitrogen temperature is lower than the value of 6.2 X l O I 9 spins per gram previously reporteds for Marlex-50 polyethylene irradiated in the same manner. The slightly lower efficiency for radical production in PVC than in polyethylene might be due to a “cage effect” involving the chlorine atom, the implication being that the C1 atom does not escape the iicage,” a t liquid nitrogen temperature, as readily as does the much smaller H atom. This reasoning would lead us to conclude that although most of the C1 atoms are able to escape the “cage” at liquid nitrogen temperature, there is a small fraction that cannot. This is in disagreement with Tesvetkov, et al.,7 mho implied that the reason that they did not observe the presence of stable radical (1) in the e.p.r., was because very few if any of the C1 atoms formed were able to escape the “cage” a t 7T°K. I n the case of organic liquids the converse ib reported for the efficiency for radical production, that is, the efficiency is much higher in chlorinated hydrocarbons thaii in the hydrocarbons themselves. l6 Discussion Although some of the early reported work” listed PVC with polymers that are degraded by the radiation, it has since been established that in the absence of air PVC is crosslinked on exposure to ioriiziiig radiation.d l8 l 9 In the present work, (16) A Pievost-Bernas, 9 Chaplro, C. Cousin, Y Landler and \.I ? I a g a t , “Radiation Chemistry, a General Discussion of the Farada, Soc ” T h e dberdeen Unirersity Pre-a Ltd 6 L-pper Kirkgate, 4ber deen 1952 p 98. (17) E J L a u t o n 1 M Bueolie and J. S. Balwit, Nature, 179, 76 flSi7)
 
 50
 
 ’
 
 here the sample was irradiated at liquid nitrogen temperature, the minimum dose for gel formation was found to be about 4 megaroentgens. The condition that there is an average of one crosslink per two weight average leads to a crosslinking yield of G(c.1.) = 0.88, which is higher than the values reported by 0thers.j Hydrogen, as well as hydrogen chloride, is formed during the irradiation a t -196’. The subsequent chain dehydrochloriiiatioii process, which me have found to take place at temperatures as lo^ as -TOo, adds a severe complication to any direct measure of the primary yield of HC1. The reported yields for HC1 therefore are higher thaii the true radiation yield expected at - 196’ The yield reported by Miller4 after irradiation at -143’ and following one hour standing at room temperature (during which time additional HC1 was being produced) was G = 5.6. Hydrogen formation, on the other hand, does not occur during the dehydrochlorination process, so that a true radiation yield for hydrogen formation can be obtained from the measured amount evolved on warming after the irradiation a t low temperature. We have found the total amount of hydrogen produced by 40 megaroentgeiis irradiation a t -170’ to be 1.35 x mole/g., which corresponds to a radiation yield for hydrogen of G = 0.4. Mechanism for Polymer Radical-pair Formation and Crosslinking.--In the case of irradiated high density polyethylene (Marlex-50 1 it was shown8 that the polymer radicals responsible for the cross-
 
 11
 
 (18) 4 Charlesbj “ l t o i n i c Radiation and Pol3 nwrs,” Pergamon Press, London, 1960, p p 312-316 (19) C Whippler \ u c l e o n u s 18, 68 ( l Y b 0 ) (20) See reference 10 p. 358 (21) A Cliapilo Iiid I’lastiques .Lludernes 9 , 41 (19.57).
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 linking were formed in pairs (at -196') by the mechanism of C-H scission, as the primary process, followed by hydrogen atom abstraction of a hydrogen atom from an adjacent polymer chain to form the other member of the radical-pair. About onehalf of the radiation events resulted in pairs, in which the two radicals of the pair were formed nearly opposite each other. These decayed at a very rapid rate a t room temperature. I n the remaining radiation events, the two radicals of the pair were formed further apart and these decayed at a much slower rate and at different rates a t room temperature. It is proposed that similarly in the case of polyvinyl chloride, polymer radicals are formed as pairs at -196' and that a t room temperature these decay to crosslinks at different rates, giving rise to slopes A, B and C of the radical decay curve in Fig. 3. I n the case of PVC, however, part of the radical-pairs would be formed by the mechanism of C-C1 scission as the primary event followed by chlorine atom abstraction of a hydrogen atom from a nearby chain, as well as by C-H scission as a primary event with subsequent hydrogen atom abstraction. I n the radical-pair forming process at - 196' involving the chlorine atom the radiation reaction
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 B and C at room temperature. Iil this case the radiation reaction is
 
 ---
 
 +
 
 -cH(c~)-~H-cH(c~)- H .
 
 r+
 
 -CHz-CH(Cl)-
 
 (2)
 
 I-+
 
 -CH2-c(Ci)-CH2-
 
 H.
 
 ( 3)
 
 to form radicals ( 2 ) and (3) as primary radicals or' the pair. This is followed by t,he reaction H.
 
 + -CHz-CH(Cl)-
 
 r+
 
 -CH(Cl)-CH-CH(C1) ( 2)
 
 L
 
 -cH~-C(C~)-CH? +
 
 + H, H?
 
 (3)
 
 which also forms radicals ( 2 ) and ( 3 ) , but as secondary radicals of t8hepair. Here again no distinction can be made between primary and secondary radicals based on the e.p.r. The ensuing crosslinking reaction which occurs on u-arming the sample -(2)- or -(3)-
 
 +
 
 -(3)- or -(2)-
 
 -(2)- or -(3)--f
 
 I
 
 -(3)- or -(2)-
 
 forms crosslinks between different combinations of radicals ( 2 ) and ( 3 ) . The yield for potential crosslinks resulting from that' part of the radical -CH2-CH(C1)- -+ -CHz-CH-CHzC1. pairs formed by t'he process involving the hydrogen at'oin is equal to one-half of the sum of the yield for (1) produces radical (1) as the primary radical of the t'he radicals t'hat'decay during the last three minutes of slope 9 and during slopes B and C, or G = (0.74 pair. This is followed by 0.21) ,'2 = 0.47. Since one molerule of hydrogen -+-cH(c~)-CH-CH(C~)is formed for each potential crosslink, t h e primary ( 2) HC1 C1. + -CH,-CH(Cl)- yield of hydrogen is G(H2) = 0.47. which is in L-cH,-Qc~)-cH,- + HCI good agreement with the value G = 0.4 determilied ( 3) from t'he gas er-olut,ion measurements. The total to form either the unstable radical (2) or stable yield for potential cbrosslinks determilied in this 0.47 = 0.97, radical ( 3 ) as the secondary member of the radical- manner is G(Potent. c.1.) = 0.5 pair and a molecule of HC1. Unfortunately, a which is in good agreement with the value of 0.88 distinction between radicals ( 2 ) and ( 3 ) based on determined from the gel measurements. The above postulated mechanism of polymer the e.p.r. analysis cannot be made because oi the smearing present in the initial spectrum. Chcmi- rndical-pair forniution and c~ros4inking implies cal evidence biised on the behavior of radical- i n that in most cases t,he radicals of the pair are close s ~ l u t i o suggests n ~ ~ ~ ~that abstraction or" a methyl- cnough together that the neceisary diffusion of t,he two radical chain segments required to form the ene hydrogen to form radical ( 2 ) is preferred When the sample is allowed to warm up the radical- crosslink can t,akcplace on warming the sample from liquid iiitrogen temperature. 111 ordw I O account of the pair combine for the small fract,iori of unstable radicals ( 2 ) -CHL-(>H-CH2-CHz-CH-CH*leading to radical (4), which is responsible for the (1) slowly decaying slope D of the decay curve, it must be further post'ulated t'hat, in the rase of some of -(2)- or -(3)4 2 ) - or -(3)the pairs involving radical (a),the radical is able forming orosslinks. Since one molecule of HCI is to undergo chain dehpdrochloriiir(tion before crossformed for each primary polymer radical (1) formed. linking. This would be expected to take place the primary yifld for HCI formation is G(HC1) = G- during the initial faster decaying slope.; and R, (Radical i l l ) == O 5 . This is also the yield for the rather than during slope C where the radical decay potential cwmlinks that would be formed by the requires 200-300 hours. The fen- radical-pairs process irtx olving the chlorine atom. As explained decaying during slope C, then, may comprise relaearlier, thisis the group of radicals that decayed tively widely spaced stable radicals ( 3 ) . The during the first 2 minute part of slope A and which number of these radicals accounts foy only 37, of nll formed initially. The relatively small conwnaccounted for 50cC of all radicals formed at - 196'. The ra dical-pair f orining process involving t hc tration compared t o radical ( 4 ) , v h i c h at t.his stage hydrogen aton- accounts for the remainder of the of the decay is t'he predominant one present, prohradicals formed at - 196' and which decay during ably explains why their presence is not' readily the last 3 minutes of slope A and also during slopes detected in the e.p.r. spectrum. The fact' that color is observed as soon as 5-8 seconds aft'er ( 2 2 ) C IPalling, ' Free Radicals in Solution John Wiley and Sons, warming the sample from liquid nitrogen to room Iric , New ' I o r h Y I-. l q i i p 162.
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 No color change was observed in samples stored for 30 minutes a t -100'. Effect of Anneal Temperature. I. Behavior of Propagating Radical (4) and a Correlation of E.p.r. with Color.-A relatively stable set of conditions was reached after the sample had been stored for about 600 hours a t room temperature. For example, in going from 600 to 2166 hours the radical concentration decreased only about 10% and the width of the e.p.r. spectrum remained constant a t 26 gauss (see Fig. 2). The color, which was a red-purple at GOO hours, remained about the same a t 2166 hours with the exception that it was darker. This would indicate that the length of the radiationinitiated conjugated sequence of double bonds tends to approach a limiting value at room temperature, namely, that giving rise to the red-purple color. This may be due to a decreasing tendency for the radical to dissociate with increasing length of the conjugated sequence, or else to defects in the polymer chain which were either present initially, produced by irradiation or by the dehydrochlorination process, e.g., as crosslink. The first alternative suggests that when the conjugated sequence becomes too long the odd electron spends most of its time trapped within the sequence. Heating the sample above room temperature caused an apparent increase in the length of the radiationinitiated conjugated sequence, as evidenced by : (1) a change in color with increasing temperature, becoming blackish-purple at about 140' and (2) the e.p.r. spectrum becoming narrower (16 gauss a t about 140°), presumably due to a motional narrowing as the unpaired electrons are further d e l o ~ a l i z e dalong ~ ~ ~ ~the ~ conjugated sequence of double bonds. I n this temperature range, the polymer chains would be expected to remain intact because of the much higher energy required for C-C scission than for the dehydrochlorination process. I n the temperature range between about 150 and 245' the length of the radiation-initiated conjugated sequence (formed by the radicals present up to 150') decreased, as evidenced by a change t o a lighter color-presumably caused by crosslinking and some chain scission resulting during the initial stages of pyrolysis.26 The change in color was TABLE I best observed in a very thin irradiated film (about CHANGES IS COLOROF IRRADIATED PVC STORED AT ROOM 0.002 inch thick). This changed from a red-purple TEMPERATURE color a t 145' to red a t 180' and then yellow-red Storage time Color a t 250'. Heating to still higher temperatures Clear 0 caused further pyrolysis of the polymer, which was 5-8 sec. Onset of color accompanied by: (1) a change in color of the thin 30 sec. Faint yellow sample to a red at 300°, then to a very dark red1 .0 min. Greenish yellow brown a t 380'; and (2) a further narrowing of 5 0 min. Straw color the e.p.r. signal as the material continued to lose 3.5 hr. Orangebrown hydrogen atoms as HC1. 360 hr. Red-brown 11. Transition from Radical (4) to the Pyrolysis 620 hr. Red-purple Radical.-The changes in shape of the e.p.r. 2166 hr. Darker red-purple spectrum taken a t room temperature following a five minute heating at different temperatures are The onset of color in samples stored a t -72' was shown in Fig. 4. I n this experiment the PVC mas a t about 5 minutes and by the end of 10 minutes irradiated to 40 megaroentgens a t room temperathe color had changed to a very light yellow, indi(24) See reference 14, p. 128. cating that spontaneous dissociation of radical (25) N. N. Tikhornirova, B. V. Lukin, L. L. Rarumova and V. V. (2) can take place a t temperatures as low as -72'. Voevodsku, Dokladg Akad. Nauk SSSR,122,655(1958).
 
 temperature, indicates that this fraction of unstable radicals (2) either must have undergone chain dehydrochlorination immediately or else may have been formed as isolated primary radicals during the radiolysis. Since diffusion of large chain segments is necessary in order to form a crosslink, the initial rapid decay of slope A in this glassy polymer (Tg= f75') a t room temperature, indicates to us that the radicals forming the pairs in this group are very close together. Further evidence indicating that they must have been formed nearly opposite each other is the fact that a t -72' where the glassy structure would be far more rigid than at room temperature, the initial decay was still rapid, as about one-half of all radicals formed a t liquid nitrogen temperature disappeared during the first 5 minutes. In fact, it is possible that part of the smearing and lack of definition of the hyperfine structure in the initial e.p.r. spectrum (especially of the outermost peaks A and B) can be attributed to these radical pairs causing spin-spin broadening. I n the case of highly-crystalline Marlex-50, where spin-spin broadening was observed, there was relatively little decay of the radical pairs during the first five minutes storage a t -70°.8 Color Changes.-The change in color, associated with the development of conjugated sequences of double bonds, that occur during storage at room temperature is shown in Table I for pressed sheets of PVC initially irradiated to 40 megaroentgens at liquid nitrogen temperature. The sample which was clear and colorless prior to irradiation was also colorless following the irradiation a t liquid nitrogen temperature. Development of color did not occur a t liquid nitrogen temperature but only on warming. The onset of color was at 5-8 seconds after the sample was removed from the liquid nitrogen bath and allowed to warm to room temperature in nitrogen. The initial color which was a very faint yellow changed, becoming greenishyellow a t about 1 minute, then orange-brown a t about 35 hours, and finally a dark reddish purple after 2166 hours, indicating the presence of long polyene systems having 10 to 15 double bonds.13
 
 (23) L. F. Fiesrr and M. Fieaer, "Organic Chemistry," Reinhold Publ. Corp., New York N. Y., 1956, P. 881.
 
 (26) R. R . Stromberg, Sidney Straus and B. G. Achhammer, J PoZymer Sei., XXXV, 3.55 (1959).
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 of anneal temperature on the shape of the e.p.r. spectra of polyvinyl chloride irradiated to 40 megaroentgens a t room temperature. E.p.r. were measured at room temperature.
 
 ture and the e.p.r. spectra taken immediately afterwards at room temperature. The heating cycles were started soon after irradiation. The initial spectrum at 24” has a width at maximum slope of about 32 gauss and is quite similar to the ones reported by others a t room temperature.’x2 The spectra for the radiation-initiated radicals (4)are represented by aolid lines while those characteristic of the radicals formed by pyrolysis are shown as dotted lines. The spectrum following the 61’ heating cycle has a width of 26 gauss and has the same shape as that for the irradiated sample that had been stored for 2166 hours a t room temperature (see Fig. 2). Changes in the relative intensity of the resonance signal and the width at maximum slope are shown plotted in Fig. 5, as a function of anneal temperature. The decrease in the relative concentration of the radiation-initiated radical (2) is shown by part A of the curve, while the build-up of the radicals formed during pyrolysis is shown by part B. The two curves merge in the temperature range between about 150 and 245’. The rapid decrease in the relative concentration of radiation-initiated radicals and the corresponding narrowing of the e.p.r. spectrum with increasing temperatures up to about 140’ (part A of the curve) corresponds to the temperature range in which the radiationinitiated sequence of double bonds reached its maximum length as determined earlier by the color changes. The constant width of 16 gauss for the e.p.r. spectrum between about 80 and 140’ suggests that although the radical concentration is decreasing, the average environment in which these radicals are trapped remains relatively constant, ie., a long irradiation initiated conjugated sequence of double bonds. During the initial stages of pyrolysis, that is, in the temperature range between 150 and 245O, the width of the spectrum continued to narrow, becoming about equal to that of the unirradiated PVC pyrolyzed a t 245’. Curve C shows the rela-
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 Fig. 5.-Changes in relative intensity and width of the e.p.r. spectrum of polyvinyl chloride irradiated to 40 megaroentgens a8 a function of anneal temperature. Sample was heated for 5 minutes a t each temperature in a nitrogen atmosphere. E.p.r. were measured at room temperature.
 
 tive intensity of the resonance signal for the unirradiated PYC that had been subjected to the same heating cycles as the irradiated sample. The abrupt appearance of the e.p.r. signal at a temperature of 245’ for unirradiated PT’C has been reported previo~sly.~’It is in this temperature range between 150 and 245’ that others have reported26 the onset of a rapid loss of HC1 and the appearance of low molecular weight hydrocarbons for unirradiated PVC. The decreasing width of the spectrum is thought to be the result of a further loss of hydrogen atoms as the dehydrochlorination process continum vith increasing temperature. The relatively few radicals formed during pyrolysis below 245’ that contribute to the e.p.r. signal (27) F. H. Window, W. hfatreyek a n d W. A. Yager, “Industrial Carbon and Graphite,” The Macmillan Co., New York. N. Y., 1958. pp. 190-196,
 
 S.W. MAYER,T. H. -~IILI.s,R. C. ALDESASD B. B. OWEXS
 
 822
 
 would result from chain scissionsz6 and would become trapped within conjugated sequences of double bonds. The number of pyrolysis-initiated radicals increases in both the irradiated and unirradiated PT'C as the temperature is increased above 245'. The width, on the other hand, remains nearly constant and about the same for both, increasing only slightly in going from about 245 to 420'. -4 iiearly constant width of signal has been reported before for unirradiated PYC pyrolyzed between 350 and The nearly constant signal width indicates that the same relatively constant trapping environment prevails in both the irradiated and unirradiated PT'C throughout this temperature range. I t is within this temperature range, at ahout 300°, that the dehydrochlorination process is reported to be approximately completez6 and where the n.eight 10s' is reported to be relatively
 
 Vol. 65
 
 constant between about 300 and 400'.z7 Any further narrowing of the e.p.r. spectrum due to the loss of hydrogen from the polymer, therefore, would be expected to be at a much lower rate. Stromberg, et Q Z . , ~ ~report a nearly constant weight loss of approximately 58% (the weight percentage of HC1 in the polymer) between about 280 and 342', the volatile products other than HC1 being made up of small hydrocarbon molecules-having five or less carbon units-which are produced at random and their quantity independent of temperat ur e. Acknowledgments.-The authors are indebted to VT.J. Barnes, of this Laboratory, for the light scattering measurements and determination of molecular weight. We also wish to thank Dr. A. -4. Miller for the helpful discussions and suggestions concerning this work.
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 Liquidus curves for the 9aP03-KazS04, RbP03-Rb2SOa and RbPOS-Ta2SO4 systems have been determined by gradientfurnace, visual and thermal analysis techniques. The liquidus curves are compared with those for the LiP03-Li2S04, KPOa-K2S04and KPO3-Li2SO4 systems. All these alkali metaphosphate-sulfate systems with a common cation are of the single eutectic type, and have constant activation energy for viscous flow. The reciprocal systems, however, form intermedia,te solid compounds. Results of phosphate chain-length measurements along the NaPOd-Na2S04liquidus are given; they agree, qualitatively, with chain-length estimates based on the freezing-point depression of Na2S04.
 
 Introduction Xolten alkali metaphosphate-sulfate systems are of particular significance since they provide the basis for potential nuclear reactor fuels2 Because molten metaphosphates consist largely of polym e r ~these , ~ systems provide an opportunity to investigate the behavior of molten polymer-salt systems. Bergman and Sholokhovich4 hare investigated the LiP03-Li2S04 and KPOrK2S04 systems. It was of interest, therefore, to study the liquidus curves in the XaP03-Xa2S04and RbP03-RbzS045systems so that a systematic comparison for the first four cations of the alkali metal group could be made. The RbP08-Xa2S04system was studied also, in order to investigate a reciprocal system (ie., one TTith no common cation or anion.) Experimental Materials.-Sodium sulfate, anhydrous reagent grade, was dried by heating for 24 hours in vacuo ((10-5 mm.) at 880'. Dry sodium metaphopphate mas prepared by heat(1) This research was performed under t h e auspices of t h e Research DiT-ision of t h e U. S. Atomic Energy Commission, and was presented in p a r t a t the April, 1959, Meeting of t h e American Chemical Society. : 2 ) S. 1%'. hlayer, \V, 9 . Ginell and D. E. McKenzie, Trans. A m .
 
 J u c . 7 e a . Soc.. 2 , 126 flg>!J'. (3) J. R . I'an V a z e r , "Phosphorits and its Compounds," VoL I , Intcrscience Piihlishers. Inc.. Sew l-ork, N. Y., 1958. (4) A. G. Bergman and 31. L. Sholokhovich, J . Gen. Chem., L'.S.S. R.. 23, 1075 (1953). (5) The sodium and rubidium cations are important in t h a t they have the lone-t thrrmal neutron cross-section among t h e alkali metal
 
 cations.
 
 ing l';aP03-13 i n vacuo for seven days at 520'; NaPOa-I was made6 from reagent grade KaH2P04.H20. Anhydrous rubidium sulfate (obtained from the American Potash and Chemical Corporation), containing lcss than 0.5% of other cations, was dried by heating in vacuo for two days at 900". Rubidium metaphosphate was prepared by fusing anhydrous rubidium chloride with the stoichiometric quant,ity of reagent grade ammonium dihydrogen phosphate for one hour at i 7 0 " . The phosphorus content of the RbP03 waE determined and corresponded to 99.6 j=0.2% RbP03. Methods .-Because higher concentrations of KaP03 markedly increased the viscosity of the melts, it was necessary to use three techniques for determining points on the liquidus curves. At relatively low S a p o s concentrations !he viscosity was low enough so that thermal arrests corresponding to liquidus points could he detected by the cooling-curve technique. At intermediate concent,rations of S a p o 3 , where increasing viscosit,y led to the disappearance of thermal arrests, a visual technique was used to detect liquidus points on the basis of the first appearance of the solid phase as the melt was cooled slowly. At high S a p o I concentrations no precipitation or thermal arrests occurred since the viscosity increased during the cooling of the melt iintil a clear, rigid glass was formed. Accordingly, liquidus points a t high ?rTaP03concentrations were determined by a gradient-furnace technique' The thermal arrest procedures and gradient-furnace method' have been described. The standard deviations in the thprmal arrest measurements were 0.5" or less. Standard drviations for liquidus points determined after equilitiratinp for 1. 2 and 3 days in the thermal gradient furnace -~
 
 16) I,. F. Audrieth. Editor, "Inorganic Syntheses," Vol. 111, \ I C G m ~ ~ - - - I IBook i l l Co., New York, N. Y., 1950, p. 103. ( 7 ) 0. 11. Graver and E. H. Hamilton, J . Research .Vatl. Bur. Slandards. 44, 495 (1950). (8) S . W . Mayer, S. J. Yosim and L. E. Topol, J . Phys. Chem.. 64, 23s (1960).
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