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 Contribution from the Department of Physical Chemistry, University of Melbourne, Parkville, Victoria, Australia 3052, and the Division of Chemical Physics, CSIRO, Clayton, Victoria, Australia 3168
 
 Mass Spectrometric Study of the Vapor Phase over Neodymium Chloride and Gadolinium Chloride s. C I A C H , ’ ~ AJ.. c. NICHOLS ON,*^^ D. L. S W I N G L L R , ’ P.~ J. THISTLETHWAITE’~ Received November 15, 1972 A Knudsen cell-mas$ spectrometric technique was used to determine the fragmentation patterns and appearance potentials for neodymium and gadolinium chlorides and for 1 : 1 mixtures of gadolinium chloride with lithium and sodium chlorides.
 
 Direct evidence for vapor phase complexes in these systems was obtained, but no complex species were observed above 1: 1 mixtures of gadolinium chloride and magnesium chloride. From the measured appearance potentials, the ionization potentials of the species LnCl,, LnC1, and Ln (Ln = Nd, Gd) were estimated. The heats of vaporization of NdC1, and GdC1, were determined.
 
 Increased industrial application of rare earth halides has made the study of their vaporization characteristics, both as pure substances and as components in binary mixtures, of increased importance. In such studies the mass spectrometer is most useful to determine the nature of the vaporizing species as well as t o provide at least approximate values of ionization and appearance potentials. With the advent of photoelectron and photoionization spectroscopy, electron impact mass spectrometry can no longer be regarded as the most accurate method of determining ionization and appearance potentials. However, in the study of high-temperature systems the experimental difficulties of applying the former methods are considerable, and in some cases prohibitive,’ and electron impact methods still have a useful role to play. The admittedly approximate values so obtained are of assistance in the later application of the more sophisticated techniques. Mass spectrometric studies of the rare earth halides have been restricted t o the lanthanoid fluoride^,^ LaC13, EuC13, and L u C and ~ E ~ u~ B~ ~ We ~ . present ~ ~ here (i) values for the heats of vaporization of neodymium chloride (NdC13) and gadolinium chloride (GdCl3), (ii) appearance potentials for the various fragment ions, and (iii) direct evidence for the complexes LiGdC14 and NaGdC14 and for the nonexistence of MgGdCIS under the same conditions. Experimental Procedure The quadrupole mass filter-Knudsen cell arrangement used in the present study was substantially the same as that described by Hastie and Swingler.’ One major alteration was the use of a more versatile RF-DC generator and power supply (Electronic Associates Inc., Quad 300) t o energize the quadrupole rods. Higher resolution and sensitivity were thus obtained. The Knudsen cells used were silica-lined and made of graphite (high purity, low porosity, high density). The cells were 4 cm high and 1.2 cm in internal diameter. The molecular beam was defined by means of an 0.03-cm hole centrally punched in a thin molybdenum disk which was fitted into the Knudsen cap. Molecular effusion conditions were thus satisfied6 for the range of pressures corresponding to the temperatures studied. These cell dimensions also favored vapor(1) (a) University of Melbourne. (b) CSIRO. (2) (a) J . Berkowitz, J. Chem. Phys., 4 8 , 4 3 4 6 (1968); (b) J. Berkowitz, ibid., 49, 1183 (1968); (c) P. H. Cannington, personal
 
 communication. (3) K. F. Zmbov and J . L. Margrave, Advan. Chem. Ser., 72, 267 (1968). (4) (a) J . W. Hastie, P. Ficalora, and J. L. Margrave, J , Less!2ommon Metals, 14, 83 (1968); (b) J . M. Haschke and H. A. Eick, J. Fhys. Chem., 7 4 , 1806 (1970). ( 5 ) J. W. Hastie a n d D. L. Swingler, High Temp. Sei., 1 , 4 6 ( 196 9). (6) S. Dushman, “Scientific Foundations of Vacuum Technique,” Wiley, New York, N. Y., 1949, pp 90-111.
 
 condensed phase equilibrium, since the ratio of salt surface area t o effusion orifice area was about 1000. The molecular beam source was placed in a resistively heated furnace and the temperature was recorded by a calibrated chromelalumel thermocouple which made contact with the base of the Knudsen cell. Temperatures could be maintained constant t o within i 2 K at 970 K. The assembly consisting of mass filter, ion source, and molecular beam source was secured into a chamber which could b e evacuated to better than 5 X Torr (1 Torr = 133.322 Nm-*). An externally operated shutter could b e interposed between the cell and ion source in order t o distinguish between effusing and background species. In all cases the nonshutterable fraction of the signal was insignificant. Electron energies of 5 0 eV were used for recording the mass spectra. The NdCl, and GdC1, were anhydrous, of stated purity 99.9% (Koch-Light), and were not further purified. Care was taken in their transfer to the effusion cell t o minimize hydrolysis. Samples were heated under dynamic vacuum t o 570 K for 24-36 hr prior to making measurements.
 
 Results and Discussion (i) Heats of Vaporization. There is a wide range of values for the heats of vaporization (AH,) of NdC13 and GdC13 in the literature (see Table In order t o obtain a direct comparison between different workers, the AH,’s were corrected to 298 K using the stated boiling point and change in the molar heat capacity of vaporization for the process l i q uid + vapor [ACp(l+vj], where specified, and using AC,(1-v) = -12 cal K-’ mol-’ otherwise. This scatter could be due either to the different techniques adopted or to impurities in the samples used. These compounds hydrolyze quite readily to form the ~ x y h a l i d e s ’and ~ the latter would be expected to be the major impurity in the previous determinations. A Knudsen cell-mass spectrometric determination of AH, then seemed desirable, since this technique is not affected by small amounts of impurity. The major disadvantage of the technique is that only a relatively small pressure range ( i e . , temperature range) can be studied. At pressures higher than about 1 Torr, molecular flow conditions no longer prevail. The mass range covered was 0-350 amu and it was not (7) G. I. Novikov and A. K. Baev, Zh. Neoug. Khim., 7 , 1349 (1962) [Russ. J. Inorg. Chem., 7 , 694 (1962)l. (8) E. R. Harrison, J. A p p l . Chem., 2, 601 (1952). (9) J . L. Moriarty, J. Chem. Eng. Data, 8 , 422 (1963). (10) E. Shimazaki and K. Niwa, Z . Anorg. Allg. Chem., 314, 21 (1962). (1 1) 0. G. Polyachenok and G. I. Novikov, Zh. Neorg. Khim., 8, 1526 (1963) [Russ. J. Znorg. Chem., 8 , 793 (1963)l. (12) G. P. Dudchik, 0. G. Polyachenok, and G. I . Novikov, Zh. Neorg. Khim., 14, 3165 (1969) [Russ. J. Inorg. Chem., 14, 1669 (1969)l. (13) C. W. Koch, A. Broido, and B. B. Cunningham, J. Amer. Chem. Soc., 7 4 , 2349 (1952).
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 Table I. Thermodynamics of Vaporization and Sublimation of NdC1, and GdC1,
 
 Ref
 
 Techniaue
 
 7 8 9a 10 11 This study
 
 Bp method Effusion wt loss Effusion Effusion Bp method Knudsen-MS
 
 12 9 This study
 
 Bp method Effusion Knudsen-MS
 
 Tm, K
 
 ACp(s-+v)3 cal K - l mol-'
 
 AHs(298 K), kcal mol-'
 
 K
 
 Acp(l+v), cal K-' mol''
 
 AHJ298 K), kcal mol-'
 
 1824 1885
 
 -14
 
 77.5 74.0
 
 -14 -18 -12
 
 64.4 71.1 15.4 69.3
 
 Tb 3
 
 NdCl, 1023 1031 1033
 
 -14
 
 19.2
 
 1033
 
 -10
 
 75.9
 
 1963 1947 1921
 
 Gdc1,
 
 Q
 
 74.1 875 882
 
 1870 1853
 
 -12
 
 71.3
 
 -10
 
 -12
 
 68.3 62.7 65.5
 
 It is assumed that quoted AH,'s are a t Tb.
 
 possible to observe dimeric species. Hastie, et al.,4areported the extent of dimerization of LaC13 at 1030 K t o be 0.0017 (=PLa,C1,/PLaC1,). The dimer contribution in these experiments is therefore expected to be low. It might however become quite significant near the boiling point and this would add further to the uncertainty in the values obtained by the Russian workers, since their measurements were near or at the boiling point. The relationship between pressure of a vaporizing species (p) and the molecular ion current ( I ) is well established and has the form p = bIT (where T is the absolute temperature of the effusion cell and b is a constant incorporating the molecular ionization cross section and various apparatus constants). Intensities of the parent molecular ions were too low to determine accurately; hence the temperature variation of LnC12+was recorded and assumed to be the same as that of the LnC1;. There is no reason to believe the fragmentation pattern should vary over such a small temperature range and this is the only factor which would invalidate the above assumption. NdC13 and GdC13 were studied in the ranges 1055-1093 and 963-1075 K, respectively. To minimize systematic errors and as a check on equilibrium inside the cell, temperatures were increased and decreased at random. We employed a C lot method, similar to that used by Mann and Tickner ,"for the treatment of our ion intensitytemperature data (see Figure 1). The value of AC,(l+v) = - 12 cal K-' mol-', estimated by Dudchik, et ~ l . , seemed '~ to us to be the most well founded of those used (see Table I) and was adopted in our treatment. Heat capacities for the sublimation process (solid -+ vapor) are even more uncertain. Shimazaki and Niwa" used a value of -14 cal K-' mol-' for both the sublimation and vaporization processes. Brewer's'' AC,(s-+v) of -10 cal K-' mol-' (used for a similar compound-PuC13) was preferred. The melting points, 1033 and 882 K, and heats of fusion, 8 and 7 kcal mol-' for NdC13 and GdC13, respectively, were obtained from Wicks and Block.'6 Our values for AH, and the corresponding heats of sublimation (AH,), included in Table I, are the averages of two runs. The estimated error limits are +4 kcal mol-'. (14) K. H. Mann and A. W. Tickner, J. Phys. Chem., 64, 2 5 1
 
 (1960).
 
 (15) L. Brewer, L. Bromley, P. W. Gilles, and N. L. Lofgren in "The Transuranium Elements," G. T. Seaborg, J. J. Katz, and W. M. Manning, Ed., McGraw-Hill, New York, N. Y., 1949. (16) C. E. Wicks and F. E. Block, U.S. Bur. Mines, Bull.,
 
 NO. 605 (1963).
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 Figure 1. A typical 2 plot for NdC1,.
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 Figure 2. Ionization efficiency curves for NdCl,.
 
 (ii) Appearance Potential Measurements. Electron impact appearance potentials (AP)for the various fragment ions of NdC13 and GdCl3 were determined by the vanishing current method from experimental ionization efficiency (IE) curves. (The slopes of linear portions were made approximately parallel by suitable scale expansions; see Figures 2 and 3.) A constant Xe leak served to calibrate the electron energy scale and maintain constant ion source conditions. There are well-known pitfalls in assigning different fragmentation processes to breaks in IE curves."~ For example, (17) F. H. Field and J. L. Franklin, "Electron Impact Phenomena," Academic Press, New York, N. Y.,1957, pp 16-24.
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 Table 11. AP’s and Estimated IP’s of NdC1, and GdC1, Fragments
 
 GdCl’
 
 lo)
 
 I
 
 Species
 
 Re1 intensa
 
 NdC1, NdC1, NdCl Nd GdCl, GdC1, GdCl Gd
 
 29.6 100 18.4 16 6 100 23 39
 
 IP,C eV
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