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Systematic analysis of rare earth element complexes has been carefully carried out in the liquid and solid states
but not in the gaseous state because of the lack of a complete set of experimental data for any kind of vapor
complexes of all rare earth elements. Here we present experimental quenching results which suggest that the

LnAlsCli> complexes are the predominant vapor complexes roughly in the temperature rang5588 and
pressure range 0.60.22 MPa for all of the 14 rare earth elements=*ri_a, Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy,
Ho, Er, Tm, Yb, and Lu. For these elements, thermodynamic functions of the reactiongd)RCP/,Al ,Cle(g)

= LnAl3Cl1xg) were calculated from the measurements. Those for the radioelement Pm were smoothly interpolated.

The results show Gd divergences from the standard enthalpies and standard entropies fg@hJtaAluAl;Cl;o.

Introduction

Rare earth element complexes in liquid and solid states have
been carefully investigated since the early 1950s. The experi-

of rare earth elemeris?! and for recovery of rare earth
metals?223 Moreover, unlike those in the condensed states,
molecular interactions in the gaseous state could be neglected,

mental results often show anomalies such as Gd divergence, Which would make the vapor complexes model systems for

tetrad? double-double3 and inclined W effectd. Until now,

" studying the nature of the rare earth elements in their complexes.

however, a similar systematic analysis has not been carried out Thermodynamic functions of the reactions L) + (n/
for rare earth element vapor complexes due to the lack of a 2)Al2Cle(g) = LnAlClsy5(g) (where Ln= rare earth elements)
complete set of experimental data for all of the rare earth have been determined for L& Nd with n = 1 by mass

elements.

spectrometric measuremegtdpr Ln = Nd with n = 3?5 and

Rare earth element complexes in the gaseous state are jush = 4% and for Ln= Sm withn = 3% by UV—vis spectrometric

as important as those in the condensed states.

Rare eartineasurements, for La= Gd with n = 3 by entrainment,

element vapor complexes were recently studied in terms of quenching, and chemical transport experiméhtsnd for Ln

various application possibilities such as laser matefids,

luminescent materials for high-intensity discharge lafps,

= Gd?2 Tm8 and Y with n = 1—-4 by radiochemical
analysis. In all the cases, the Lng&l;, complexes were found

and intermediate materials for preparation of anhydrous rare to be the predominant vapor complexes in the temperature range

earth elements halides in high puritiés! for mutual separation
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the present work to the LnACl»> complexes roughly in the
ranges 588851 K and 0.0+0.22 MPa for the 14 rare earth
elements Ln= La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb, and Lu to systematically study the thermodynamic
properties of the vapor complexes Lrgl;, from Ln = La to

Ln = Lu.

Experimental Section

The chemicals used in this study were of 98.0% purity for anhydrous
AICl3, 99.0% purity for anhydrous NI, 99.95% purity for CeGl
7H,0, and more than 99.9% purity ford®s1, ThsO5, and Lri,0O5 (Where
Ln" = La, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb, and Lu). Anhydrous
AICl 3 was further purified by careful sublimation under vacuum. The
first two anhydrous rare earth element chlorides, ka@t Ced, were
prepared by reactions of k@; and CeCJ-7H;0O, respectively, with a
large excess of anhydrous NWEl in an evacuated quartz tube at about
500-600 K. The residual NkCI was removed by sublimation at 700
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different rare earth elements, in which case the equilibrium constants
of the different complexes had to be calculated by using a complicated
proceduré’28resulting in additional errors. Moreover, our preliminary
experiments showed that the samples reacted with Pyrex glass above
900 K and that the glass ampules broke easily during quenching with
an equilibrium pressure of0.25 MPa at high temperatures. On the
other hand, the melting point of Th{k only 855 K. Thus, we chose
suitable ranges of 588351 K and 0.0+0.22 MPa for each of the 14
rare earth element complexes to ensure the complete evaporation of
AICl; and the existence of pure solid Lr@h the deep ditches of the
ampules and to avoid the formation of the secondary complexes, so
that the activities of LnG(s) were always equal to unity and the
equilibrium constants of the predominant vapor complexes @I

could easily be determined. Preliminary experiments for the AlCI
PrCk and AICk—HoCl; systems at about 700 K showed that the
complexation equilibria might be achieved within 5 h. Therefore, the
formal equilibrium period was chosen te & h for each run. After

the thermodynamic equilibria had been achieved, the other ends of the
ampules (part B in Figure 1) were quickly covered with asbestos and
then quenched with water. Thus, the equilibrium gas phases were
condensed and the mole numbers of @hd Lr#" in the condensates
could then be determined by titration and spectrophotometry, respec-
tively.

Results and Discussion

In all previous publication$2° only the monolanthanide
complexes LnA|Cls,+3 were assumed to be formed; this means
thatm= 1 in LnyAl,Clzm+n). This assumption may reasonably
be extended to Ln= La—Lu in this study. Thus, the
complexation reactions may generally be expressed as

K under vacuum. The other 12 anhydrous rare earth element chlorides

Ln*Cl; (here Ln*= Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and
Lu) were prepared by the direct reaction of their corresponding oxides
with a large excess of Alglat 573 K in evacuated and sealed quartz

tubes. The quartz tubes were then subjected to a temperature gradient

from 650 to 450 K, where the rare earth element chlorides Lgi@re
chemically transported via their vapor complexes Lni@,+3, which
resulted in the deposition of Ln*ght the middle of the tubes. (The
anhydrous LaGlcan also be prepared by this method.) This method
was designed and reported by Papatheodorou and Kéitarareparing

SmC} and other lanthanide and actinide halides and then used by Steid|

et al?82%for preparing GdGl TmClk, and YbCh. The residual AlG
coexisting with the rare earth element chlorides was removed by

reheating the chlorides in cylindrical alumina tubes under a carrier gas

consisting of dry Gl and dry N.*>-2% All anhydrous chemicals were

handled in a glovebox containing a dry argon atmosphere with a water

vapor level less than 20 ppm.
The complexation equilibrium reactions were carried out in closed

LnCly(s) + (W2)AlClg(g) = LAl Cly,. 5(9) (1)
with the equilibrium constant
Kp = (p|_nA|nc|3,1 +3/ p°) (pA|2c|6/ p°)"? 2

wherep® = 0.100 MPa. In the simplest case, where only one
complex is formed, the values of Kp, pai,cie, @NdPLnal Clanis

in eq 2 may be calculated by

ampules made from Pyrex glass with a special shape as shown in Figure

1. This design was similar to those described in the literafti®!
An excess of LnGland less AIG4 were placed in the deep ditch of

the ampule (see part A in Figure 1), and the ampule was then sealed

under vaccum. Four ampules were placed in a graphite container and
placed in a furnace, where the temperature was kept constant within

+0.5 K monitored with a PtPtRuo thermocouple; the maximum

temperature difference in the container was always smaller than 1.0
K, so that all the samples were kept at the same temperature during
each run. This design is similar to that used in our high-temperature

thermodynamic measurements for allé§$* molten salt mixture>-36
and slags’

The literature showed that sotidiquid phases and solid solutions
of AICI;—LnCl; might exist at temperatures lower than 577 K for
NdCl3,25 600 K for SmC4,26 550 K for GACk28 and TmC4,28 and 500
K for YbCl32® where the activity of LnGl is unknown. The
literature>28.2° glso showed that the predominant vapor complexes
LnAlsCl;, may coexist with the secondary complexes Lits, LnAl -

Clg, and LnAICE in a different temperature range of 50800 K for

(31) Dell’Anna, A.; Emmenegger, F. Plelv. Chim. Actal977 58, 1145.

IN(PLoa i, /P°) = IN K+ (0V2) In(py ¢, /P°)  (3)
PLoalCly. s = RTnancly Y (4)

Pai,ci, = RTy ¢ /V (5)

Paici, = RTyer /V (6)

Ninst = Ninal cly g (7)
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(8)

Ne- = 3, T 6Ny 1, + BNE3)N0p i,
and4-30
log K’y 10= 2 109(Pac1 /P*') — 109 (P c1,/P)

= 6.649— 5.684x 10%(1/T) — 1.607 x 10°(1/T)?
9)

whereT is the reaction temperatur¥, is the volume of the
ampule,n; and p; are mole number and partial pressure of
component i, andK'p 10 is the equilibrium constant of the
dissociation reaction 10 with a special standard pressys&-ef
0.101 325 MPa.

Al,Clg(g) = 2AICI(g) (10)
The total pressure may be calculated by
Pt = Paici, T Pai,ci, T Proaicl, (11)

Here we only report the experimental results for each of the 14
rare earth elements in the temperature range where thesLnAl
Cl;2 complexes are predominant. Experimental results in other
temperature ranges where Lngl;, coexist with LnALClys or
LnAl,Clg will be reported elsewhere.

The first four columns in Tables Si1S14 (Supporting
Information) list the volumes of the ampules, total pressures,
and partial pressures of &ls and LnALClsnt3, respectively,
at every reaction temperature for the 14 rare earth elements
The fifth column lists the apparent values of the stoichiometric
factorn determined by a least-squares computation in terms of
eq 3. It can be seen that all the apparent valuesarke 2.9-

3.1 and are independent from temperature. Also, all the plots
of IN(PLnalClsns+/P°) VS IN(Pal,ci/P°) are straight lines as shown

in Figure S1 (Supporting Information). Both of these features
meet the requirement of eq 3. Thus, LgB8l; are the
predominant vapor complexes from enLato Ln=Luto a

first approximation. The equilibrium constants for the LgAl
Cly2 vapor complexes from Lir La to Ln= Lu could then be

Wang and Wang

probable uncertaintie8:4° The statistical errors calculated from
the equilibrium constant data for Ln&tl;, from Ln = La to

Ln = Lu are not more thar:-0.2 kJ mot™? for AG® at every
temperature;£0.7 kJ mot? for AH°r,, and41.0 J moft K1

for AS’t,, where the subscripE, denotes mean experimental
temperature. While the estimated probable uncertainties may
arise from absolute errors of the chemical analysis fot"Ln
and CI as+0.5%, of the volume measurement of the ampule
as+0.5%, and of the temperature measuremert2$ K, these
uncertainties together with that inherent in eq 9 and the error
from the scatter of the experimental points in Figures S1 and 2
may give rise to the probable overall errors60.5 kJ mot?

for AG®°, +1.5 kJ mot? for AH®r,, and+2.0 J mott K2 for
AS’t,, for LnAlsCliz from Ln = La to Ln= Lu, being the same

as those for ScACly and YALClg.3° Moreover, because no
experimental data were available for the heat capacities of
the vapor complexes, Sdles*3® introduced the estimated
values of AC; = —12 J moft K~1 for LnAIClg, AC3 =0J
mol~t K=1 for LnAlsClip, and AC§ = 14 J mot? K1 for
LnAl.Clis and then Steidl et &2° introducedACy = —8 J
mol~t K~ for LnAl,Cls. We*® have assumed an absolute error
of £2.0 J mot?! K1 for the estimated value cAC3 = —8 J
mol~t K~1 for ScAlLCly and YALCls. Similarly, we may
assume an absolute errorb1.0 J mot! K~ for the estimated
value of AC§ = 0 J mol* K~ for LnAlsCly, from Ln = La to

Ln = Lu, resulting in the additional probable uncertainties of
not more thant0.5 kJ mot™ for (AH°,, — AH29¢ and not
more thant-1.0 J mott K~ for (AS’r,, — AS’299). Therefore,

the probable overall errors may Be2 kJ mol? for AH,gg

and £3 J mol! K1 for AS’,g respectively, for LnAJCly,

from Ln = La to Ln = Lu.

The literature thermodynamic data for the Lg@l, com-
plexes where Ln= Nd2> Sm26 Gd?728 Tm28 and YI°
determined by using different methods mentioned above are also
listed in Table 1, where only the Gd#&ll, data were
determined previously by two research groups using different
methods. It can be seen that the value\bf°,93 = 27.3 kJ
mol~! andAS 95 = —4.6 J mott K~1 for SmAICly, reported
in this study exactly fit those afAH®,95 = 28.0 kJ mot?! and
AS 298 = —4.2 J molt K~1 reported by Papatheodorou and

calculated by eq 2, and the results are listed in the last columnKucera?® It can also be seen that the valueAifi°,9s = 29.0

of Tables S1-S14. Figure 2 shows the plots Bfin K, vs 1T
for the LnAlCli> complexes of the 14 elements. It can be seen
that all of them are also straight lines.

Let AG®, AH®, AS’, and AC; denote the molar Gibbs free

kJ mol! for GdAI3Cly, reported in this study is almost the same
as that ofAH295 = 30.7 kJ mot? reported by Steidl et &P

and that the value 0AS’p93 = 2.9 J mol! K~1 for GdAI:Cly,
reported in this study is almost equal to the average values of

energy, molar enthalpy, molar entropy, and molar heat capacity both AS°»9s = 11 J moll K~1 reported by Cosandey and

of reaction 1. One may then defideG°:

AG® = —RTInK,= AH° — TAS’ (12)
Previous publications assumed; = 0 J molit K™ for the
vapor complexes NdACI;2,2838 SmAI;Cli2,28 GdAIClyp,28
TmAI3Cl1?8 and YbALCI2.2° This assumption may reasonably
be extended to the vapor complexes Lg@l, from Ln = La
to Ln = Lu in this study. The molar enthalpies and molar
entropies of reaction 1 for the vapor complexes L@, of

Emmeneggéf and AS 98 = —6.7 J mol! K~1 reported by
Steidl et ak® Our measurements also agree reasonably well
with those for TmAYCl;2 and YbALCIi, determined by Steidl

et al?29put not so well with those for NdACI;, determined

by @ye and Grue® As mentioned above, Papatheodorou and
Kucer&® and Steidl et a#®2° have noted the considerable
difference between their thermodynamic values for S§GAb,
GdAIzClip, TmAIClis, and YbAKCIli> and those for NdA+
Clyz reported by @ye and Gruéh. Also, they® suggested that
this difference might be attributed either to the experimental

the 14 rare earth elements at 298 K can then be determined byncertainties of the methods used or to the different bondings
a least-squares computation in terms of eq 12 and those ofang structures of the vapor complexes. However, the experi-

PMALCl;2 maX then be smoothly interpolated in terms of atomic - ments showed that the overall adsorption spectrum for the vapor
number of L. All the results are listed in Table 1 and shown complexes LnAICl1, was similar to those observed in con-

in Figures 3 and 4, respectively.
The probable overall errors of t#G®, AH®, andAS’ values 39) Hilpert, K.; Gerads, H.; Kobertz, D.; Miller, MBer. Bunsen-Ges. Phys
should be computed from the statistical errors and the estimated®) Ch‘;m_‘19§7 91 200. T B “es. Py

(40) Hilpert, K.; Miller, M.; Venugopal, VBer. Bunsen-Ges. Phys. Chem.
1991, 95, 474.

(38) Schiger, H. Angew. Chem1976 88, 775.
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Figure 2. Plots ofR In K, vs 1T for the rare earth element vapor complexes Lg@Al, from Ln = La to Ln = Lu; p° = 0.100 MPa.

Table 1. Thermodynamic Properties of the Reactions LI+
('V2)AlClg(g) = LNAIClan+3(Q)

AH°5gg, kJ mol? AS 205, J molFtK=1 ref
La 47.9+ 2 7.8+ 3 this study
Ce 43.6+ 2 3.6+3 this study
Pr 38.2+ 2 1.2+ 3 this study
Nd 34.6+ 2 -3.3+3 this study
452+ 1 84+1 25
Pm 30.64 22 —4.0+ 32 this study
Sm 27.3+2 —4.6+3 this study
28.0+ 0.8 —-42+0.8 26
Eu 23.5+ 2 —6.3+3 this study
Gd 29.0+2 29+3 this study
35.8+8 11.0+ 11 27
30.7+ 4 —-6.7+8 28
Th 21.1+ 2 —3.5+3 this study
Dy 16.6+ 2 —-10.5+3 this study
Ho 16.1+ 2 —14.94+ 3 this study
Er 14.8+ 2 —-18.2+3 this study
Tm 18.0+ 2 -16.7+ 3 this study
277+ 4 —-9.6+8 28
Yb 227+ 2 -11.1+3 this study
276+ 4 —11.5+8 29
Lu 26.7+2 —7.4+3 this study

2 Interpolated values.

densed states for each trivalent lanthaffidend that the solid
molecules DyAJCl;,,13 HoAI3Cly2,42 LaAlzBrio, 1 PrAlsBryp,14

T &
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Figure 3. Series behavior oAH®g5 for the vapor complexes LnAd

Cliz from Ln = La to Ln = Lu: @, this study;O and ©, literature
data?>~?° The probable overall error akH°,9s reported in this study

for each of the 14 elements #s2 kJ mol? (only shown at Ln= La),
while those reported in the literature are different for££MNd,?> Sm28
Gd2"28Tm28 and Yb2?

andAG°sp0 = 38.9 kJ mot? derived from ref 25, whileAG®goo

= 37.2 kJ mot?! and AG°sp0 = 36.6 kJ mot! derived from
this paper. Both only show a larger difference at low temper-
ature where a lower pressure ratio of the complex to aluminum
chloride may make the spectroscopic investigation rather
difficult.*1 Therefore, the experimental uncertainties for NgAl

and NdAgBr12' all possessed trigonal symmetry, which would  Cl;, at low temperature in ref 25 might be the main cause for
unlikely support the second argument. Furthermore, the ther- the difference in the thermodynamic data reported by @ye and

modynamic values for NdACl;, are AG°gp0 = 36.8 kJ mot?

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

249.

(42) Hake, D.; Urland, WAngew. Chem1989 101, 1416.

Gruer?® and those reported by all the others.

This study reports the first complete set of property values
for the rare earth element vapor complexes from=tiba to
Ln = Lu. As shown in Figures 3 and 4, the valuesAdfi®,gs
andAS’,gg for the LnAlsCly, complex decrease from s La
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30 NdAl3Bri2.14 Moreover, both St™ and Y8 have no 4f elec-
L trons. In general, L is also believed to have no 4f electrons.
However, Gschneidné&t recently assumed Ba to have 4f
electron hybridization and explained physical and chemical
properties of pure metals, compounds, alloys, and EDTA
L1 : complexes in aqueous solutions of rare earth elements by using
ok ° 4f hybridization. It would seem that the 4f hybridization concept
L * 3 . is supported by the recent theoretical calculation of Temmerman
a0l o . et al.#> who found the unoccupied 4f bands in Pr metal to
hybridize strongly with the conduction s, p, and d bands.
Therefore, 4f hybridization might be accepted as a reasonable
L explanation both for the difference in the stoichiometry of the
57 58 59 60 61 62 63 64 65 66 67 68 69 70 T1 predominant vapor complexes Ln@llg for Ln = Sc and Y
La Ce Pr Nd Pn Sn Bu Gd Tb Dy Ho Er Ta Yb In and LnAkCl;, from Ln = La to Ln = Lu and for the Gd
Figure 4. Series behavior oAS g for the vapor complexes Lnad divergence from the behavior of the vapor complexes LGAb
Cly from Ln = La to Ln = Lu: @, this study;O and ©, literature from Ln = La to Ln = Lu if the same calculation results and
data?>* The probable overall error ckS*,5 reported in this study  djrect experimental evidence on the microstructure ofiLha
for each of the 14 elements is3 J mol* K™* (only shown at Ln= can be obtained. Until now, however, the 4f hybridization
;?T)]'ze\slv g'('ﬁf?? %]rg%c;]r(tje%r;gthe literature are different for-£Nd, concept has not been accepted by many scientists, as pointed
' ' ' ' out by Gschneidner himself. One of the reviewers suggested
that a structure change in the gas phase of the i@y
molecules for the heavier lanthanides might be responsible for
the differences between the results foP'Sand Y8*, on the
one hand, and the results for ¥m Yb3*, and L#*, on the
other. Therefore, further experimental and theoretical studies

R

ASass (J mol=* K1)

to Ln = Eu and then increase from l=a Eu to Ln= Gd in the
left-hand sides and decrease from £nGd to Ln = Er and
then increase from L& Er to Ln= Lu in the right-hand sides,
indicating a significant Gd divergence and two weak minimum
points at Ln= Eu and Er. Here the Gd divergence is consistent . ;
with the half-filled 4f shell. Moreover, our previous pagfer on the microstructures of the vapor complexes L3 will

and this paper suggest that the predominant vapor (:omplexeéOe very interesting and wil prowde a more satlsfgctory
are LnALCls for Ln = Sc and Y but LnAiCli, from Ln = La underst_and_lng o_f the mechanl'_sms of t_he systematics and
to Ln = Lu in roughly the same temperature and pressure rangesanomalles in their thermodynamic properties from=rSc to

(i.e., 500-800 K and 0.0+0.22 MPa). S& is the smallest - = LU-
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The Gd divergence effect in the rare earth element liquid  sypporting Information Available: Tables StS14, listing ex-
complexes, for example, has been explained by a change eitheperimental quenching data for the vapor complexes LB} of the

in the 4f electron configuration or in the coordination nunfSer. 14 rare earth elements L= La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Similar to the second explanation, Papatheod®rGtassumed Er, Tm, Yb, and Lu, and Figure S1, showing plots ofRfi,ci,./P°)

a 9-fold coordination structure for early lanthanides and a near- Vs InQaci/p°) for the same 14 rare earth elements (24 pages). Ordering
octahedral coordination structure for end lanthanides in the information is given on any current masthead page.

LnAlsCli> vapor complexes. However, recent experiments |c960746R

found the same microstructure for the solid complexes
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