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Systematics and anomalies in the rare earth/aluminum bromide vapor complexes have been investigated by the
phase equilibrium-quenching experiments. The measurements suggest that the LnAlsBri, complexes are the
predominant vapor complexes for the 16 rare earth elements Ln = Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho,
Er, Tm, Yb, and Lu in the temperature range 601-833 K and pressure range 0.01-0.22 MPa, which is different
from the rare earth/aluminum chloride systems, where the predominant vapor complexes are LnAl;Cly, from Ln =
La to Ln = Lu, but LnAl,Clg for Ln = Sc and Y are roughly in the same ranges, which indicates the importance
of the halogen anion radius on the rare earth vapor complex formation. In the temperature and pressure ranges,
gaseous Al,Brs and AlBrs are dominant species and the molar fraction of LnAlsBry, is normally less than 0.01.
Thermodynamic functions of the reactions LnBrs(s) + (3/2)Al,Brg(g) = LnAlsBrip(g) were calculated from the
measurements for the 16 rare earth elements and then smoothly interpolated for the radioelement Ln = Pm. The
standard molar enthalpies and standard molar entropies show significant Gd divergences from LaAl3Bry, to LUuAls-
Bri, when plotted as functions of the rare earth atomic number. They also suggest nearly linear manner for ScAls-
Brio, LUAI3Bry,, YAIsBri,, and LaAlsBry, when plotted as functions of the rare earth ionic radius.

Introduction complexes may enhance the volatility of the rare earth

Rare earth element complexes are of fundamental impor-halides to 18times in the former case and to*#@imes in
tance not only in the liquid and solid states but also in the the latter case. Therefore, they have been used as key
gaseous state. In recent years there has been increaseepnstituents chemically transported in high-intensity dis-
emphasis on the experimental and theoretical investigationscharge lamps, anhydrous rare earth halides production, and
of the rare earth element halide vapor complexes, particularlyrare earth extraction and separation (see, for example, refs
in the LnX—MX and LnX;—AlIX 3 systems (where Lr= 1-3 and references therein). They may also act as better
rare earth, M= alkali metal, and X= halogen):~1° These model systems than the liquid and solid complexes for
understanding the nature of rare earth elements in their
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Rare Earth/Aluminum Bromide Vapor Complexes

UV —vis spectrometry’ 14 mass spectrometfy radiochem-
istry 1617 quenching'é-22 entrainment? and chemical vapor
transpor£3-28 Standard molar enthalpies and standard molar -
entropies of the reactions have been derived from the 010
measurements for the chloride vapor complexes LGBl +3

of the 16 rare earth elements En Sc}519Y,1924 g,21.22.27

Ce2l22pr21 N 11.21,26gm 1221 21235 16,18 21T 21 Dy,20,21

Ho,1321.22Er 21 Tm 1621Yp 1721 and Li#* and interpolated for
that of the radioelement L+ Pm?! However, the standard
thermodynamic property values are available only for the Figure 1. The ampule.

bromide vapor complexes LnfBras of Ln = Y*and L&® for AlBr3, and more than 99.9% purity for Ce(Pr;011, Th,Or,
and for the iodide vapor complexes LAk s of Ln = Nd.*4 and Lri,0s (where Lt = Sc, Y, La, Nd, Sm, Eu, Gd, Dy, Ho, Er,
These results have recently been discussed in the excellenim, vp, and Lu).
reviews of Boghosian and Papatheodot@dachi and co- The anhydrous rare earth element bromides were prepared by
workers? and Oppermann and Schmidtdowever, the the direct reactions of their corresponding oxides with a large excess
chemical vapor transport data have not been collected in refof AlBrs at an atomic ratio Ln:AF1:4. The main reactions may
2 and have only been denoted as estimated values in ref 1be expressed as (1/2)ls(s) + (1/2)Al,Brg(g) = Ln"Brs(s) +
probably due to the relatively large experimental uncertain- (1/2)A0s(s), CeQ(s) + (1/2)Al;Brg(g) = CeBr(s) + (1/2)Al,05-
ties. (s) + (1/4)0x(g), (1/6)PkO14(s) + (1/2)Al,Bre(g) = PrBrs(s) + (1/
9-22 H HH H 2 A|203 s) + (1/6 Ox(9), and (1/4 Tm7 s) + (1/2 A|zBr6 =

Wel_ have |mp_r0v§d the phas_e eqU|I|br|L_Jm-_quench|ng T)bBrg(s)(42 (1/£)AI2)03((§))+ (1/8)(02(9)), resée)ctivély, \2vhere t(ﬁqe) latter

technique and applied it to determine the stoichiometry and

. . . three reactions produced oxygen, which may completely be removed
thermodynamic properties of the reactions L&)l + (r/ by adding a small amount of Al powder. In a typical reaction, after

2)AlClg(g) = LnAlClan:3(g) for the 16 rare earth elements placement of either 0.2 g of 503 and 1.2 g of AlBg or 0.2 g of

Ln = Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, ceq, PO, or ThiO7, 1.2 g of AIBr;, and 0.015 g of Al powder
Tm, Yb, and Lu, and the results agree well with most of the into an one-end sealed quartz tube, 20 mm in inner diameter and
literature data. In this study, we extend the phase equilibrium- 300 mm in length, under Ar atmosphere, and the sealing of its other
guenching investigations to the reactions Lg8y+ (n/2)Al,- end under vacuum, the reaction mixture was heated at 600 K for 1
Bre(g) = LNAl,Bra,:5(g) for the 16 rare earth elements Ln h. The resultant LnBrwas separated from the crude product by
=Sg, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, the chemical vapor transport method. For doing so, the evacuated
Yb, and Lu. We are interested in whether the systematics and sealed quartz tube was placed in a tubular furnace with a
and anomalies in the LnABra..s vapor complexes are the reduced temperature gradient from 750 to 460 K and the solid crude

same as those in the Lnl vapor complexes product was placed at the hot end of the quartz tube. Each of the
ant3 Vap P ' chemical vapor transport reactions was carried out for 6 h. During

Experimental Section the reactions, the vapor complexes LiRs.3 were produced by
the reactions of LnBywith the residual AlBg at the hot end of the
quartz tube, chemically transported from the hot end to the cold
end, and then decomposed into LeB) and AbBrg(g) at the cold

The chemicals used in this study were of 99.999% purity for Al
powder, more than 99.5% purity for Bimore than 99.99% purity

83 (Fa)ye. tﬂ' Ad; Grueg, n’ﬂJ.lé\m. CheGml.HSod9gE 91.13%9.18 - end. After the reaction, the quartz tube was removed out quickly

apatheodorou, . N.; Kucera, G. 1A0rg. em.. y : :

(13) Hoekstra, H. R.: Hessler, J. P.; Williams, C. W.: Carnall, W. T. In from the furngce and its hot end Was_quen_ched with water, where
High Temperature Metal Halide ChemistriHildenbrand, D. L., AlBr3 was quickly condensed. By using this method, LoBray
Cubicciotti, D. D., Eds.; The Electrochenical Society: Pennington, easily be separated from the residual reactors and other resultants.
NJ, 1978; PV 78-1, p 123. In addition, the anhydrous rare earth element bromides can also be

(14) Kulset, N. High Temperature Study of Noedymium Halide Gas . L ; . . .
Complexes. Ph.D. Thesis, University of Trondheim, Trondheim, Prepared by dropping liquid Brdirectly into a solid mixture

Norway, 1986. consisting of the corresponding rare earth oxides and a large excess
(ig) gtchﬁr,GH_-:BFlﬂke' U-i- ASQfg-tﬁ”ghcgerBﬁ%légg 81%83 a7 of Al powder in one-end sealed quartz tubes under Ar atmosphere
(16) 50613'0_’ - banmann, 1., Dienstbach, 5. Fhys. Lhem ' and then chemically transported via their vapor complexes in the
(17) Steidl, G.; Bahmann, K.; Dienstbach, FPolyhedron1983 2, 727. evacuated and sealed quartz tubes. All anhydrous chemicals were
(18) Cosandey, M.; Emmenegger, F. P Electrochem. Sod.979 126, handled in a glovebox containing a dry argon atmosphere with a
(19) Walng, Z.-C.; Wang, LS. Gao, R-J.; Su,)Chem. Soc., Faraday  WaIer vapor level less than 20 ppm. .
Trans.1996 92, 1887. The phase equilibrium-quenching experiments were carried out
(20) wang, L.-S.; Gao, R.-J.; Su, Y.; Wang, Z.-L.Chem. Thermodyn. in closed ampules made from Pyrex glass with a special shape as
1) %/8229282' -1893Wang L-Gnorg. Chem 1667 36, 1536 shown in Figure 1. Less AlBrand an excess of LnBwere placed
(22) Wang, Z.-C.: Wang, L.-S1. Alloys Compd1998 265, 153. in the deep ditch of the ampule (part A in Figure 1), and the ampule
(23) Lange, F. Th.; Baighausen, HZ. Anorg. Allg. Chem1993 619, was then sealed under vacuum. That may ensure;AdB¥vaporate
1747 completely and to react with part of the L to reach an
(24) Oppermann, H.; Huong, D. @. Anorg. Allg. Cheml995 621, 659. e uiIFi)briurz at high tem eraturg amon La&)rbﬁzl Bre(g), and
(25) Oppermann, H.; Hennig, Z.; Dao Quoc, H.Naturforch.1998 53 q nig p 9 » ARBTe(9),
361. LnAlBrsn3(g) in each ampule.
(26) Oppermann, H.; Zhang, M.; Hennig, Z.Naturforch.1998 53b, 1343. Four ampules were placed in a graphite container and then placed
@7 504%‘391223””' H.; Dao Quoc, H.; MorgensternZANaturforch.1999 in a furnace, where the temperature was kept constant withif
(28) Oppermann, H.; Dao Quoc, H.; Zhang-PresseZ M aturforch.2001, K measured with a PtPtRh, t_hermocouple. Prelim?nary expz_eri-
56h, 908. ments showed that the maximum temperature difference in the
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container was always smaller than 1.0 K, so that the four samplesi, andK; 1) is the equilibrium constant of the dissociation
were kept at the same temperature during each run. The equilibriumyeaction 10
period wa 6 h for each run, which is the same as that for the rare
earth element chloride complex¥s22 After the thermodynamic Al,Brg(g) = 2AIBr4(Q) (20)
equilibrium had been achieved, the other ends of the ampules (part
B in Figure 1) were quickly covered with asbestos and then The total pressure may then be calculated by
quenched with water. Thus, the equilibrium gas phase was quickly
condensed in part B of the ampules and the mole numbers%f Ln Piotar = Paigr, t Paigr, T PLoai gr,, (11)
and Br in the condensates could then be determined by spectro-
photometry and titration, respectively. The equilibrium experiments  |n Tables S+S16 (Supporting Information) are listed the
were kept in the ranges 66833 K and 0.0+-0.22 MPa to avoid  yplumes of the ampules, total pressures, and partial pressures
the high-temperature reaction_w betvveen_ the bro_mides and _Pyr_ex glassof Al,Brs and LnALBrsn: 5 at every reaction temperature for
the low-temperature formation of solid solutions or seﬂ_ldwld __the 16 rare earth elements calculated by eq8 and 11. It
phases, and the glass ampule broken when quenching at high . .
pressure. can be seen that in the reactions gaseogBrAland AIB_rg
are dominant species and the molar fraction of LB, is
Results and Discussion normally less than 0.01. By a least-squares computation in
terms of eq 3, the apparent values of the stoichiometric factor
n may be calculated for LnABrs.+3 for the 16 rare earth
elements at different temperatures, and the results are also
listed in Tables S+S16, which are all within 2.963.04 and
independent of temperature. In Figure S1 (Supporting
Information) are shown the plots of mGai grs.o/P) VS
IN(paig/p) of the 16 rare earth elements at different
_ temperatures, which are all straight lines. These results can
LnBry(s) + (W2)AlBro(0) = LAl Branio(0) - (1) meea the requirement of egs 3, % and 8. Thus, the §nAl
Bri> complexes are the predominant vapor complexes of the
16 rare earth elements to a first approximation. The equi-
n/2 @) librium constants for the complexes LnBk;, of the 16 rare
earth elements can then be calculated by eq 3, and the results
are listed in the last columns of Tables-§116 (Supporting
Information).
This study shows that the LnfBri, complexes are the
predominant vapor complexes from EnSc to Ln= Lu in
. . the ranges 604833 K and 0.0+0.22 MPa. On the other
IN(PLnal gr,,, /P) = IN Ky + (WV2) Iy g /) (3) hand, our previous papéfé! suggested the predominant
vapor complexes to be LnéCl;, from Lh=Lato Ln=Lu

1. Stoichiometry and Equilibrium Constants. In all
previous publication&! 28 only the mono-rare-earth vapor
complexes LnAlXzn+3 were assumed to be formed in the
LnX3—AIX 3 systems (i.e.m = 1 in LnpAlnX3men). Thus,
the complexation reactions investigated in this study may
be expressed as

with the equilibrium constant
Kp = (PLoal ey, /P (Pai g /P)
wherep> = 0.100 MPa. In the simple case that only one

complex is formed, the values of, Kp, pais, and
PLnalBrsrs IN €0 2 may be calculated by

PLnal Bty = RTMnal Bry,, /Y 4) but LnAl,C1s for Ln = Sc and Ln= Y in roughly the same
temperature and pressure ranges. This indicates that the vapor
P e, = RTfthrs/V (5) complexes ScAK;, and YALX;, are much more stable than

ScAlLXg and YALXg for X = Br but reverse for X= Cl in
the nearly the same reaction conditions. Therefore, the
Paigr, = RTyg, [V (6) halogen ionic radius is the decisive factor for the stoichi-
ometry of the predominant vapor complexes S&Aj+3 and
7) YAl Xsnt3 for X = Cl and Br.
2. Standard Thermodynamic Quantities. Previous
publicationd!~1820-23 assumed the molar heat capadii¢y
= 0 J molt K~ for the reactions LnG(s) + (3/2)Al,Cls(g)
= LnAl3Clix(g) from Ln= La to Ln= Lu. This assumption

Nins+ = Ninal Bry,.g

Ngr- = 3Nagr, T 6N g, T BN+ 3)Nn g, ., (8)

and”’ may reasonably be extended to the reaction 1 for bRAb
. . from Ln = Sc to Ln= Lu in this study. LetAG°, AH°, and
log K; (10)= 2 109(@ag, /P) — 109(Pa 6 /P) = —2.647+ AS denote the molar Gibbs free energy, molar enthalpy, and
4.149x log T — 5.512x 103(1/-|-) — 3.752x 104(1/1-)2 _ molar entropy of reaction 1, which are related by
—3 —7 2

whereT is reaction temperatur¥,is volume of the ampule,

As shown in Figure 2, plots dR In K, vs 1/T for the vapor
n; andp; are the mole number and pressure of the component g P P P

complexes LnAdBr;, of the 16 rare earth elements are all
(29) Barin, I. Thermochemical Data of Pure Substancésd ed.: Wiley- straight lines. The st.andard molar enthalpy and standard
VCH: Weinheim, Germany, 1995. molar entropy of reaction 1 for LnABr,, of the 16 rare earth
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Figure 2. Plots ofRIn K, vs 1/T for the rare earth element vapor complexes L84, from Ln = Sc to Ln= Lu (p° = 0.100 MPa).

Table I. Thermodynamic Properties of the Complexation Reactions
LnBrs(s) + (3/2)AlBrg(g) = LnAl3Brix(g) from Ln= Sc to Ln= Lu

atom AH3gg, kJ mol? AS3es, J mol1K—1 ref

Sc 45.0+ 2 20.2+ 3 this study
Y 37.7+2 145+ 3 this study

224+ 8 217+ 8 253
La 42.8+ 2 114+ 3 this study
21+8 —8+8 3,28

Ce 36.5+ 2 3.0+3 this study
Pr 31.2+2 2.8+3 this study
Nd 25.94+ 2 -1.9+3 this study
Pm 23.4+ 20 —29+3° this study
Sm 22.8+2 —4.14+3 this study
Eu 17.6+ 2 —6.2+3 this study
Gd 26.4+ 2 —0.7+3 this study
Th 16.8+2 —-17.7+3 this study
Dy 13.8+2 —24.2+3 this study
Ho 10.8+£2 —29.8+ 3 this study
Er 13.7+2 —30.2+ 3 this study
Tm 16.5+ 2 —24.3+3 this study
Yb 29.7+£2 —5.6+3 this study
Lu 37.0+2 9.8+ 3 this study

aChemical vapor transport measuremehtsiterpolated values.

elements at 298 K can then be determined by a least-squares

computation in terms of eq 12, and those for Pgi#d, may

be smoothly interpolated in terms of the rare earth element
atomic number from Ln= La to Ln = Lu. All the results

50

wl
30+ . .

20+

o -1
AH®,, (kJ mol™)
L]

L]

10+ .

%56 58 60 62 64 66 68 70 72
LaCePrNdPmSmEuGd TbDyHoErTmYbLu
Figure 3. Atomic number dependence of the molar standard enthalpies
for the rare earth element vapor complexes LgB#, from Ln= Lato Ln
= Lu reported in this study with the probable overall erfe2 kJ mot?

(only shown at Ln= La).

20
10] ¢ R

o
o o

AS°,, (Jmol” K')
R
ind

£ 8

56 58 60 62 64 66 68 70 72
LaCePrNdPmSmEuGd TbDyHoErTmYbLu

Figure 4. Atomic number dependence of the molar standard entropies

are listed in Table 1 and shown in Figures 3 and 4, for the rare earth element vapor complexes Ly®#, from Ln= La to Ln

respectively.

Similar to the LnAkCl;, vapor complexed! the probable
overall errors of the thermodynamic values for the LpAl

= Lu reported in this study with the probable overall erge8 J moit
K~1 (only shown at Ln= La).

measurements, which may lead to the statistical errors not

Bri, vapor complexes may be estimated by the following more thard-0.2 kJ mot? for AG® at every temperature;0.7

method. The absolute errors may$6.5% in the chemical
analysis for LA" and Br, +0.5% in the volume measure-
ment of the reaction ampule, a#@.0 K in the temperature

kJ mol* for AHy ‘and+1.0 J mof* K™ for AS; , where
Tm denotes the mean experimental temperatures. These
uncertainties, together with that inherent in eq 9 and the error

Inorganic Chemistry, Vol. 46, No. 10, 2007 4251
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from the scatter of the experimental points shown in Figures about 876-1010 K and for Ln= La%?® at about 676-820

S1-S16, may give rise to the probable overall error£6t5
kJ mol* for AG*, £1.5 kJ mot* for AH7 , and+£2.0 J
mol~t K~* for AS; for all LnAl3Br;, from 'n=Scto Ln
= Lu. Moreover, the absolute error may Bel.0 J mof?
K~ for the assumed value @C2 = 0 J mol* K%, which
may result in the additional probable uncertainties of not
more thant0.5 kJ mot? for AHY,, — AHSgs and not more
than+1.0 J mof* K1 for AS},, — AS}es Thus, the probable
overall errors may bet2 kJ mol? for AHS.s and £3 J
mol~t K~ for ASg, respectively, for LnAJBry, from Ln =
Scto Ln= Lu.

As mentioned above, the literature thermodynamic data 224 kJ mot* and AS}ys =

of the LnAlsCl;, vapor complexes were mainly determined
by using the methods of UWvis spectrometry’!? radio-
chemistry!®!” and quenching® most of which are in

K, which are also listed in Table 1. It would seem that the
values ofAH3gs = 21 kJ mof! and AS}ys = —8 J mol?

K~ for LaAlsBr, reported in ref 3 are somewhat comparable
with those of AH3g5 = 42.8 kJ mol! and AS}yg = 11.4 J
mol~* K~ reported in this study. The molar Gibbs free
energies areAGg,, = 28 kJ mof?! and AGE,, = 22 kJ
mol~* derived from ref 3, whileAGg,, = 33.4 kJ mot! and
AGg,,= 35.2 kJ mot? derived from this study. Both show
a larger difference at low temperature than at high temper-
ature. On the other hand, from the thermodynamic data
reported in ref 25, one may derive the valuesAdiss =
217 J mot! K2 for YAI3Bry,,
which are the largest literature values for all the Le#\b
vapor complexes, not only much larger than thosakf,,
= 37.7 kJ mof! and AS)qg = 14.5 J mot! K1 for YAl ;-

excellent or reasonably good agreement with our previous Bri, reported in this study but also much larger than the

phase equilibrium-quenching measureméhésd only those
for LaAl;Cl12,%” NdAI3Cli,26 and EUALCI; 23 were measured

second largest literature values for all the Lg#l, vapor
complexesAHSqs = 60 (or 55) kJ mof! andAS)yg = 33 J

by the dynamic method of chemical vapor transport, most mol~* K~ for NdAI;Cli, reported by Oppermann them-

of which were published later than ref 21. But the LgAl

Bri, vapor complexes were all determined by the chemical areAG3,,,=

vapor transport metho®:2 It would be therefore proper to

selved® as mentioned above. The molar Gibbs free energies
5 kJ molt andAGg,, = 35 kJ mot? derived

from ref 25, whileAG;,,, = 23.1 kJ mol! and AGg,, =

compare our phase equilibrium-quenching measurements25.1 kJ mot? derived from this study. Both show a much

with the literature chemical vapor transport data first for the
LnAlsCly, vapor complexes. The thermodynamic properties
for the reactions LnG(s) + (3/2)Al.Cls(g) = LnAl3Clix(g)
areAH3,s = 47.9 kI mot! andASgg= 7.8 I mott K1 for
LaAlsCli,, AHSgs = 34.6 kJ mof! and AS}gs = —3.3 J
mol~t K1 for NdAIsClip, and AH3,g = 23.5 kJ mot? and
ASye = —6.3 J mot! K1 for EuAlsCli, and derive from
the phase equilibrium-quenching measureméntgyere the

larger difference at high temperature than at low temperature.
Oppermann et & have discovered the predominant vapor
complex to be LaABri; at about 676-820 K but for LaAb-

Brg to be at about 9791070 K in the LaBg—AIBr; system.
Recently, theyhave also suggested the VB, to be not

the sole vapor complex in the YBrAIBr; system according

to their unusually larger molar entropy values for ¥Bi;»
compared to LaABr,. Furthermore, théyhave recognized

former two have been quoted in refs 26 and 27. These valueghe values ofAH3,s = 45 + 21 kJ mol?! and AS}ys =

are in reasonably good agreement williH3,s = 42 kJ
mol~t andAS}gs = 1 J mol? K~ for LaAlsCly, reported by
Oppermann et &2’ and with AH3,, = 26 kJ mof?! and
ASes = —11 J mof! K1 for EuAlsCli,t which were

—8+17 J moi! K1 for all the LnALBr;, vapor complexes,
which are much smaller than the above-mentioned values
of AHSgs = 224 kJ mot! andAS}gg = 217 J mot! K2 for

YAl 3Bri,. It is known that the dynamic method of chemical

derived from the thermodynamic data reported by Lange andvapor transport may be used for thermodynamic measure-

Barnighausert® but much smaller tham\H3,; = 60 kJ
mol™! and ASyg = 33 J molt K~ for NdAIsCly,, which

ments only when the transport is steady-state diffusion
controlled in the whole process and that the transport

were derived from the thermodynamic data reported in ref conditions may greatly affect the diffusion coefficient and

26 (or AH3gg = 55 kJ mot? as shown in Figure 10 of ref
3). Fortunately, all the\S}yg data reported in ref 21 for the
LnAlsCly, vapor complexes from Lr= La to Ln = Lu,
including AS}gg = 7.8 J mot! K1 for LaAlsCli, ASSgs =

—3.3 I mott K~1 for NdAIsCliz, andAS)es = —6.3 J mot?

K~1 for EuAlsCli,, have recently been used in further
thermodynamic calculations in the literature (see, for ex-
ample, Table 9 in ref 3 and Table 3 in ref 27). Furthermore,
Oppermann et & have recognized thAH3,, values from

17 to 46 kJ mot! and theAS}y, values from—17 to 8 J
mol~t K~ for all the LnAlCl;, vapor complexes, which fit

equilibrium constant calculations in some ca¥egherefore,

the experimental uncertainties in the chemical vapor transport
measurements might be the main cause for the difference in
the thermodynamic data reported in the literatdté® and
those reported in this study for the LnRBk, vapor
complexes.

3. Systematics and Anomalies.The standard molar
enthalpy and standard molar entropy of the Ly3%{, vapor
complexes from L= Sc to Ln= Lu reported in this study
allow a systematic analysis of the thermodynamic properties
not only against the atomic number of ¥nfrom Ln = La

almost all the literature data except the above-mentionedto Ln = Lu but also against the ionic radius of ¥nfrom

values of AH34, = 60 (or 55) kJ mot! and ASSgg = 33 J
mol~t K~1 for NdAI;Cly.
The literature thermodynamic data for the L\, vapor

complexes were determined by Oppermann et al. in terms

of the chemical vapor transport method for EnY?32° at

4252 Inorganic Chemistry, Vol. 46, No. 10, 2007

Ln = Sc to Ln= Lu.
Figures 3 and 4 show the values dH34; and AS;yg for
the LnAlzBr;; vapor complexes against the atomic nhumber

(30) Emmenegger, F. fnorg. Chem.1977, 16, 343.
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of Ln®" from Ln = La to Ln= Lu. It can be seen that the
values of the LnAdBri, vapor complexes decrease from Ln
= La to Ln= Eu and then increase from l:A Eu to Ln=

Gd for AH34g and AS)4g in the left-hand sides and decrease
from Ln = Gd to Ln= Ho for AH34g but to Ln= Er for
AS)qg and then increase from them to I=a Lu for AH3gg
and AS,y in the right-hand sides. This indicates a signifi-
cant Gd divergence and two weak minimum points attn
Eu and Ho forAH34g or at Ln= Eu and Er forAS},s where
the difference betweeAS), = —29.8 J mot! K1 for
HoAI3Bri, andASg = —30.2 I mot? K2 for ErAlsBraz is
within the experimental errors. Here, the Gd divergence is
consistent with the half-filled 4f shell and the trends are
similar to those of the LnACl;, vapor complexed!
Furthermore, as compared with the La@l,, vapor com-
plexes from Ln= La to Ln = Lu, the AH54g values of the
LnAlsBri, are smaller from Ln= La to Ln = Ho, are
comparable for Ln= Er and Ln= Tm, and are larger for
Ln = Yb and Ln= Lu, while theAS;;5 values are larger for
Ln = La, are comparable for L Ce, are larger again from
Ln = Pr to Ln= Pm, are comparable again for lza Sm
and Ln= Eu, are smaller from Lr= Gd to Ln= Tm, and
are larger again for Le= Yb and Ln= Lu. They lead to
nearly equalAH3.; and AS}, values between LaABry,
and LuAkBri, but much largerAH3,, and AS¢g values for
LaAlsCly, than LUAKCIL,. They also result in a slightly larger
AH34g value (2.9 kJ moit) for ErAlsBri, than HoAEBr,
but nearly equal\H34, values for HOACly, and ErAgCly,
(with a difference smaller than the probable overall error
+2 kJ molY). These differences indicate again the impor-

therefore not surprising that there have been only a few
studies on the structures of the rare earth halide vapor
complexes.

For microstructures of the rare earth halide vapor com-
plexes, Papatheodorbl has proposed various possible
configurations: three for MLnX one for LnAXs (where A
= Al, Ga, and In); one for LnAXg; four for LnAzX1z; two
for LnA4X1s. In the experimental determinations, Spiridonov
et al*® have performed an electron diffraction analysis for
KYCl,4, Metallinou et al! reported the Raman spectra for
CsScl, and Feltrin and Cesafbdetermined the infrared
spectra for MDyC(J (M = Li, Na, Cs) and LiDyBj§. In the
theoretical investigations, Groen et®af. carried out the
guantum chemical calculations for NaLn@Ln = Ce, Nd),
LiLnX4 (Ln = La, Ce, Dy; X=F, Cl, Br, 1), and MLaX
(M = Na, K, Cs; X=F, ClI, Br, I), and Tosi and
co-workeré® reported the ionic model calculations for
MLnX4 (M = Li, Na; Ln = La, Gd, Lu; X=F, Cl), MLak,

(M =K, Rb, Cs), KLaCl, LnACls (Ln = La, Nd, Er, Lu;

A = Al, Ga), NdGaCl,, and NdGgCli,. Neither experi-
mental determinations nor theoretical calculations are avail-
able for the vapor complexes Ln#&tl;, and LnAkBr, from

Ln = Sc to Ln= Lu.®®

In the three “cluster” type structures suggested by Papa-
theodoro&?®® for the LnAgX, (A = Al, Ga, In) vapor
complexes, the lanthanide ion preserves the same coordina-
tion as in the solid rare earth chlorides reviewed earlier by
Brown** (e.g., 6-fold for an end lanthanide chloride, 8-fold
for a middle lanthanide chloride, and 9-fold for an early
lanthanide chloride) and is bound to AXy an edge or a
face. However, this variation in the coordination number is

tance of the halogen anions for the rare earth halide vaporunlikely to appear in the structures of the rare earth halide

complexes.

It is known that the structure information is essentially
important for analyzing the systematics and anomalies in

solid complexes and gaseous rare earth halides. For example,

(39) Papatheodorou, G. N. @urrent Topics in Materials SciencKaldis,
E., Ed.; North Holland Publishing Co.: New York, 1982; Vol. 10, p

. . 249.
thermodynamic properties of rare earth element compounds(40) Spiridonov, V. P.; Brezgin, Y. A.; Shakhparonov, M.Zh. Strukt.

and complexes from L& Sc to Ln= Lu. However, up to

now scientists have different opinions on the microstructures

of the rare earth complexes even in the condensed Statés.

The gaseous metal halides have recently been appraised a4’

one of the most difficult systems for structure determina-
tions3®> A large number of experimental and theoretical

studies have been reported for the structures of gaseous rare
earth halides, which have carefully been discussed in recent

reviews?36 and new high-level computatioHs® have

further enhanced our knowledge. The compositions of the
rare earth halide vapor complex systems are much more
complicated than the gaseous rare earth halide systems. It is

(31) Gschneidner, K. A., Jd. Alloys Compd1993 192 1.

(32) Gschneidner, K. A., Jd. Alloys Compd1995 223 165.

(33) Kanno, H.J. Alloys Compd1993 192, 271.

(34) Karazija, R.; Kyniene, AJ. Phys. Chem. A998 102 897.

(35) Hargittai, M.Chem. Re. 200Q 100, 2233.

(36) Kovas, A.; Konings, R. J. MJ. Phys. Chem. Ref. Dat2004 33,
377.

(37) Saloni, J.; Roszak, S.; Hilpert, K.; Miller, M.; LeszczynskiEdr. J.
Inorg. Chem.2004 1212.

(38) Saloni, J.; Roszak, S.; Hilpert, K.; Popovic, A.; Miller, M.; Leszczynski,
J. Inorg. Chem.200§ 45, 4508

Khim. 1971, 12, 1080.
(41) Metallinou, M. M.; Herstad, O.; Ostvold, T.; Papatheodorou, G. N.
Acta Chem. Scand.99Q 44, 683.
(42) Feltrin, A.; Cesaro, S. Ndigh Temp. Mater. Scil996 35, 203
Because no experimental data were available, an estimated value of
ACR = 0 J mol'* K~1 was first introduced by Scifer (Sclider, H.
Angew. Chem1976 88, 775) for the reaction LnG(s) + (3/2)Al.-
Clg(g) = LnAl3Clix(g) for Ln = Nd and then extended to Ln&ll:»
and LnAkBri> from Ln = Sc to Ln = Lu as mentioned above.
Moreover, the absolute error f&C3 = 0 J mol* K~ was omitted
in the literature until w&-22 introduced an estimated value #fl.0
J molt K2 Interestingly, to check the value #fC2 = 0 J mol*
K1, one of the reviewers has calculated the molecular structure and
the force field for gaseous Sc#ll;» and ALClg by ab initio (HF/3-
21.G) and used the results for the calculation of the heat capacity.
Although the level of calculation HF/3-21'@s quite low as pointed
out by the reviewer and the value 68 ,o4Al:Cls) = 150 J mof?
K~ calculated by the reviewer is obviously different from the literature
values, such a€p ,q4(Al-Cls) = 157.867 J moi' K~* recommended
by Barin2° the reviewer advised us to increase the probable overall
errors for the standard thermodynamic quantities listed in Table 1. If
the absolute error must be increased, for example;2d J mot?
K~1, which needs the support of more sophisticated theory, the
additional probable uncertainties may give rise to not more #a8
kJ mof! for AH; — AH3eand not more thar:1.7 J mott K1 for
AH$ — AS, and then the probable overall errors may increase to
+2.8 kJ mol? for AHSy and to +3.7 J moll K1 for AS,
respectively for LnAdCli2 and LnAkBri2 from Ln = Sc to Ln= Lu.
Brown, D.Halides of the Lanthanides and Actinige#/iley-VCH:
New York, 1968.

(44)
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Figure 5. lonic radius dependence of the molar standard enthalpies for lonic radium (pm)
the rare earth element vapor complexes L84 from Ln = Sc to Ln= Figure 6. lonic radius dependence of the molar standard entropies for
Lu reported in this study with the probable overall ereft kJ mol (only the rare earth element vapor complexes Ls®&l, from Ln = Sc to Ln=
shown at Ln= Sc, Lu, Y, and La): (a) 8-fold coordination; (b) 6-fold Ly reported in this study with the probable overall erfe8 J mot? K1
coordination. (only shown at Lrn= Sc, Lu, Y, and La): (a) 8-fold coordination; (b) 6-fold
coordination.
the experiments suggested the same 8-fold configuration
structure for the solid complexes YA&l;,,345 GdAIzCl,,%6 properties of the LnABr;; complexes of middle and light
TbAI3Cl12,%6 DYAlsCl12,4647HoAl3Cl12,%8 LaAl3Bri,%° PrAls- lanthanides from Ln= Yb to Ln = Ce are anomalous. To

Brix%? and NdAkBr12,*° and the experimental and theoretical obtain a deeper insight into the systematics and anomalies,
studied>% supported a planar (or quasiplanar) equilibrium Figures 5b and 6b show th&H3.; and ASy, against rare
structure for gaseous rare earth chlorides, bromides, andearth ionic radius with a 6-fold coordination num#érom

iodides. Furthermore, the ionic model calculatithsug- Ln = Sc to Ln= Lu. The close similarity between Figure
gested the structures of the vapor Comp|exes M‘L(‘M = 5a,b and between Figure 6a,b suggests that the Systematics
Li, Na; Ln = La, Gd, Lu; X=F, Cl) and LnAC} (Ln = and anomalies in the LnABr,, vapor complexes are

La, Nd, Er, Lu; A= Al, Ga) to be independent of the rare independent from the coordination number assumptions.
earth species and the most stable structure for the vapor It is know that S&" and Y3+ have no 4f electrons, 13t
complex NdGgCli, to be also the 8-fold configuration. has no unpaired 4f electrons, and normallyLalso has no
Therefore, it would seem proper to assume the same structurelf electrons. Therefore, the linear or nearly linear manner
for the LnAlsBry, vapor complexes from L= Sc to Ln= of the standard molar enthalpies and standard molar entropies
Lu. One may then analyze the systematics and anomalies invs rare earth ionic radius for the vapor complexes $cAl
their thermodynamic properties as functions of the rare earthBry,, LUAI3Bry,, YAI3Brip, and LaAkBri; might be related
ionic radius. Figures 5a and 6a show the standard molarto no unpaired 4f electrons in the four rare earth element
enthalpies and standard molar entropies of the LBAb ions. If this argument is also true for the rare earth chloride
vapor complexes from Lr= Sc to Ln= Lu against the rare  vapor complexes, the unknowkH3y; and AS, values of
earth ionic radius with an 8-fold coordination numbér,  ScAlCly; and YALCli, might be estimated from the known
which is the same as the vapor complex Ng@g and the values of LaA{Cl, and LUAKLCIy; reported in ref 21 in terms
solid complexes LnALCl;, (where Ln=Y, Gd, Tb, Dy, and of the linear dependence &fH3y; and AS;,q on rare earth
Ho) and LnAkBri> (where Ln= La, Pr, and Nd) as ionic radius. The results arAH3,, = 12.3 kJ mot* and
mentioned above. It can be seen that the four vapor AS,, = —17.7 J mof! K™ for ScALCly, and AHSgs =
complexes ScABri,, LUAIsBr,, YAlsBri,, and LaAkBr, 31.6 kJ mot! andASgg = —3.9 J mot* K~ for YAI5Clyy,
have the largestH3qs and AS;gg values and nearly lie on  which may yieldAGg,, = 22.9 kJ mol! andAGg,, = 26.5
straight lines. (The experimental deviations from the linearity kJ mol? for ScAkCli, and AGg,, = 33.9 kJ mot? and

are almost within the probable overall errat<2.0 kJ mot* AGgy, = 34.7 kJ mot* for YAI:Cli2. On the other hand, the
for AHSeg and+3.0 J mot! K~* for AS}y). However, the  values of standard enthalpies and standard entropies reported
in ref 17 may yieldAGg,, = 13.9 kJ mot! and AGg,, =

(45) Hennig, Z.; Oppermann, H.; Ehrlich, S.; Mattausch, M.; SimorZ A. . 1 ° —23.0kJ mot!and
Anorg. Allg. Chem1995 621, 1414 15.3 kJ mot* for ScALCls andAGg,

(46) Shamir, J.; Hake, D.; Urland, W. Raman Spectrost992, 23, 137. AGgy, = 23.9 kJ mot? for YAICls. These data clearly
(Zlg) :allze, B.g Br:ang, Wi Anorgd/;\llr%l gcgeTCl)%&igG 99. indicate that the ScAClg and YAIClg vapor complexes are
§49§ Hake. D Urland, WZ. gA?]VgEg. A?Ig. Ch%mlégz 613 45. much more stable than the SeBl:, and YALCl., vapor

(50) Shannon, R. DActa Crystallogr.1976 A32, 751. complexes at the experimental temperatures. This is consis-
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tent with our previous measuremetftsyhere only the ScAt guenching measurements in the temperature range &83
Clg and YAIClg vapor complexes were detected. K and pressure range 0.60.22 MPa for the 16 rare earth
Although outside the scope of this paper, we noted that elements Ln= Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy,
when searching the systematics and anomalies in physicaHo, Er, Tm, Yb, and Lu and by interpolation for the
and chemical properties of pure metals, compounds, andradioelement Ln= Pm. The results show that the LnAl
alloys in the solid state and EDTA complexes in agueous Br;, complexes are the sole stable vapor complexes for all
solutions, Gschneidn&®? has discovered their linear or the rare earth elements under the same reaction conditions.
nearly linear dependence on the metallic or ionic radius of In total for all the 17 vapor complexes Ln/Brq,, the four
the three rare earth elements Sc, Y, and Lu and their highercomplexes ScABri,, LUAlzBri,, YAIsBri,, and LaAkBri;
property values than all the other rare earth elements.without unpaired 4f electrons have higher standard enthalpies
Moreover, he assumed 4f electron hybridization for La and and standard entropies than the complexes of the other 13
argued the lower values for the solid and liquid systems from rare earth elements with unpaired 4f electrons. Moreover,
Ln = La to Ln = Yb to be all caused by the unpaired 4f the property values of the four vapor complexes show nearly
electrons. Furthermore, he assumed a pseudo-La withoutlinear dependence on their rare earth ionic radius. Further-
unpaired 4f electrons and extended the linear trends frommore, the standard enthalpies and standard entropies of the
the three elements Sc, Lu, and Y to the pseudo-La. Here,vapor complexes LnABri; from Ln = La to Ln = Lu
the Sc, Lu, Y, and pseudo-La in the solid and liquid systems against the rare earth atomic number show significant Gd
having no unpaired 4f electrons and having linear trends in divergence.
their properties against the rare earth atomic or ionic radius
are similar to the Sc, Lu, Y, and La in the Lnl, vapor
complexes reported in this study. Therefore, further experi-
mental and theoretical studies on the microstructures of the
vapor complexes LnABrsn+3 and LnALClsyi3 from Ln =

Acknowledgment. This work was supported by the
National Natural Science Foundation of China (Grant
50274027). We thank D.-M. Yang and J.-H. Jiang for
assistance with the quenching experiments.

Sc to Ln= Lu will be very interesting and will provide a Supporting Information Available: Experimental quenching
deeper understanding of the systematics and anomalies irjata for the vapor complexes LnIrs, s of the 16 rare earth
their thermodynamic properties. elements Lr= Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, Er,

) Tm, Yb, and Lu (Tables StS16) and plots of I nal,grs,./P°) VS
Conclusions In(paier/p?) Of the same 16 rare earth elements (Figure S1).

This paper presents a systematic study on the ComplexationThe material is available free of charge via the Internet at
reactions LnBy(s) + (n/2)Al,Bre(g) = LnAl Bra.s(g) in the ~ Nttp+//pubs.acs.org.
LnBr;—AIBr3 binary systems by the phase equilibrium- 1C061795Z
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