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Abstract

The enthalpies of solution of REBr3�nH2O(n�7 for RE�La, Ce, and Pr; n�6 for RE�Nd, Sm, Eu, Gd, Tb, Dy, Ho, Yb, and

Y) in aqueous KCl solution and those of KBr in aqueous RECl3 solution have been measured calorimetrically at

298.15�0.1 K. By means of a suitable thermochemical cycle, the standard molar enthalpies of formation for these twelve rare-

earth bromide hydrates were obtained, and their lattice energies and dehydration enthalpies calculated. The corresponding data

of REBr3�6H2O (RE�Pm, Er, Tm, and Lu) were estimated. The `̀ double peak effect'' during the property changes of the

lanthanide elements and the probability that the effect will be applied for practice have been discussed. # 1998 Elsevier

Science B.V.

Keywords: Bromide hydrates; Formation enthalpies; Lattice enthalpies and energies; Enthalpies of dehydration; Rare-earth

metals

1. Introduction

In the ®eld of studying the thermochemical and

thermodynamic properties of rare-earth halides, Sped-

ding et al. [1±4] reported the thermochemistry of rare-

earth chlorides. Khanaev [5,6], Rezukhina [7] and

Kim [8] reported the standard molar formation enthal-

pies of rare-earth ¯uorides. Hurtgen [9], Wang [10],

Bettonville [11] and Schumm [12] reported the stan-

dard molar formation enthalpies of rare-earth bro-

mides and iodides. The standard molar formation

enthalpies of rare-earth bromide hydrates have not

been reported in the literature.

We now report results of the determination of the

standard molar enthalpies of formation for rare-earth

bromide hydrates and the estimated results of their

lattice enthalpies, lattice energies and standard enthal-

pies of dehydration.

2. Experimental

2.1. Reagents and synthesis procedures

The purities of RE2O3 were 99.99% (Shanghai Yue

Long Chem. Fact., China). Tris-(hydroxy-methyl)-

amino-methane(Tris) was laboratory reagent

(B.D.H., England). Tris was dried at 788C for 2.5 h

after being ground, and dried at 788C for 1.5 h after

being ground again. Treated tris was titrated by

0.1 mol lÿ1 HCl (G.R. grade) with chlorophenol red

as indicator. Finally, the purity of treated tris was

99.92%. KCl was G.R. grade. All other chemicals

were A.R. grade.
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REBr3�nH2O and RECl3�nH2O were prepared

according to reported methods [16,17].

2.2. Component analysis of compounds

The rare-earth metal contents in these compounds

were determined by EDTA titration [18]. The Brÿ and

Clÿ contents were determined by the Volhard method

[19]. The difference between the totality and the

contents of other entire elements RE3� and Brÿ or

Clÿ were the H2O contents. Analytical data for

REBr3�nH2O are listed in Table 1.

2.3. Calorimeter and calorimetric procedures

A modi®ed RD-1 model heat-conducting automatic

calorimeter (Sci. Instr. Fact. of Sichuan Univ., China)

was used for the calorimetric measurements. Its ther-

moelectric pile of calorimetric component was com-

posed of 144 pairs of nichrome-constantan ther-

mocouples connected in series. Heat changes up to

2 J could be exactly measured. Details of the

apparatus, principles and calorimetric procedures of

the calorimeter have been described previously

[20,21].

The reliability of the calorimetric system was

assessed by measuring the enthalpy of reaction of tris

(ca. 0.1 g) and HCl (0.1003 mol lÿ1, 20.00 ml) at

298.15�0.1 K.The measured value of ÿ29.75�
0.09 kJ molÿ1, agrees very well with the recom-

mended value of ÿ29.771�0.032 kJ molÿ1 [22].

The uncertainty of the calorimetric data is twice the

standard deviation of the mean of at least ®ve deter-

minations.

3. Results and discussion

3.1. Standard molar enthalpies of formation of

REBr3�nH2O, �H0
f �REBr3 � nH2O; c)

In order to obtain the value of �H0
f (REBr3�

nH2O,c), a thermochemical cycle is presented for

the derivation of the standard molar enthalpies of

formation of rare-earth bromide hydrates in this

paper. The cycle consists of four reaction shown as

follows.

REBr3 � nH2O�c� � 3KCl � 1500H2O�aq�
!�H1

REBr3 � 3KCl � �1500� n�H2O�aq� (1)

RECl3�c� � �1500� n�H2O�l�
!�H2

RECl3 � �1500� n�H2O�aq� (2)

KCl�c� � 500H2O�l� !�H3
KCl � 500H2O�aq�

(3)

KBr�c� � 1=3�RECl3 � �1500� n�H2O��aq�
!�H4

1=3�REBr3 � 3KCl � �1500� n�H2O��aq�
(4)

Table 1

Analytical data for REBr3�nH2O (calculated values in parentheses)

REBr3�nH2O RE/% Br/% H2O/% Molar ratio (RE : Br : H2O)

LaBr3�7H2O 27.44(27.52) 47.53(47.49) 25.03(24.99) 1 : 3.01 : 7.03

CeBr3�7H2O 27.71(27.70) 47.35(47.38) 24.94(24.94) 1 : 3.00 : 7.00

PrBr3�7H2O 27.85(27.81) 47.32(47.31) 24.83(24.88) 1 : 3.00 : 6.97

NdBr3�6H2O 29.36(29.32) 48.65(48.72) 21.99(21.96) 1 : 2.99 : 6.00

SmBr3�6H2O 30.09(30.18) 48.08(48.11) 21.83(21.71) 1 : 3.00 : 6.03

EuBr3�6H2O 30.37(30.40) 47.98(47.96) 21.65(21.64) 1 : 3.00 : 6.00

GdBr3�6H2O 31.20(31.14) 47.42(42.47) 21.38(21.39) 1 : 2.99 : 5.98

TbBr3�6H2O 31.40(31.37) 47.30(47.31) 21.30(21.32) 1 : 3.00 : 6.00

DyBr3�6H2O 31.87(31.84) 46.92(46.97) 21.21(21.19) 1 : 2.99 : 6.00

HoBr3�6H2O 32.10(32.17) 46.81(46.75) 21.09(21.08) 1 : 3.01 : 6.02

YbBr3�6H2O 33.17(33.23) 46.10(46.03) 20.73(20.74) 1 : 3.01 : 6.00

YBr3�6H2O 20.41(20.36) 54.95(54.89) 24.64(24.75) 1 : 3.00 : 5.96
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Combining the Eqs. (1)±(4) gives

Eq: �2� � 3� Eq: �4� ÿ Eq: �1� ÿ 3

� Eq: �3� � Eq: �5�
RECl3�c� � 3KBr�c� � nH2O�l�
!�H5

REBr3 � nH2O�c� � 3KCl�c� (5)

�H5 � �H2 � 3�H4 ÿ�H1 ÿ 3�H3 (6)

�H0
f �REBr3 � nH2O; c� � �H5

��H0
f �RECl3; c� � 3�H0

f �KBr; c�
� n�H0

f �H2O; l� ÿ�H0
f �KCl; c� (7)

where n�7 for RE�La, Ce, and Pr; and n�6 for

RE�Nd, Sm, Eu, Gd, Tb, Dy, Ho, Yb and Y.

By substituting the values of the enthalpies of

solution of REBr3�nH2O in aqueous KCl solution

(KCl : H2O�1 : 500 mol/mol), �H1, and those of

KBr in aqueous RECl3 solution (RECl3 : H2O�
1 : 1507 mol/mol for RE�La, Ce, and Pr; RECl3 :

H2O�1 : 1506 mol/mol for RE�Nd, Eu, Gd, Tb, Dy,

Ho, Yb, and Y), �H4, obtained in this work (see

Table 2), the reported values of �H3 of

17.56 kJ molÿ1 [15], �H0
f (H2O, l) of ÿ285.83 kJ

molÿ1 [14], �H0
f (KBr,c) of ÿ393.80 kJ molÿ1 [23],

�H0
f (KCl,c) of ÿ436.75 kJ molÿ1 [23], the values of

�H2 obtained by the described method in footnote of

Table 2, and the values of �H0
f (RECl3, c), taken from

Ref. [13], into Eqs. (6) and (7), the values of �H0
f

(REBr3� nH2O,c) in Table 3 are obtained.

For comparing the thermodynamic properties of

REBr3�nH2O(c) and RECl3�nH2O(c),the values of

�H0
f (RECl3�nH2O,c) obtained by Yin et al. [21] using

the relationship (8) are also listed in Table 3.

�H0
f �RECl3 � nH2O; c� � �H0

s �RECl3; c�
ÿ�H0

s �RECl3 � nH2O; c� ��H0
f �RECl3; c�

� n�H0
f �H2O; l� (8)

where the values of �H0
s (RECl3,c) and �H0

f (RECl3,

c), are taken from Ref. [13]; the values of �H0
s

(RECl3�nH2O,c) and �H0
f (H2O,l), are taken from

Ref. [4] and [14], respectively.

In Fig. 1, ÿ�H0
f (REBr3�nH2O, c) and ÿ�H0

f

(RECl3�nH2O,c) are plotted against the atomic num-

bers of the lanthanide elements. It is seen from Fig. 1

that ÿ�H0
f (REBr3�nH2O,c) is smaller than ÿ�H0

f

(RECl3�nH2O,c) by ca. 123±153 kJ molÿ1 and a `̀ dou-

ble peak effect'' [24] is observed at the position of Eu

Table 2

Thermochemical data (298.15�0.1 K) (enthalpies in kJ molÿ1)

RE �H1 �H4 �H0
f (RE3�,aq) a �H0

f (RECl3,c) a �L(RECl3) c �H2
d �H5

La ÿ30.88�0.12 20.07�0.04 ÿ709.4 ÿ1073.2 3.66 ÿ133.78 ÿ95.37

Ce ÿ32.50�0.13 20.00�0.03 ÿ700.4 ÿ1058.0 3.61 ÿ140.03 ÿ100.21

Pr ÿ32.66�0.05 20.01�0.03 ÿ706.2 ÿ1059.0 3.57 ÿ144.87 ÿ104.86

Nd ÿ41.79�0.11 20.01�0.03 ÿ696.6 ÿ1041.8 3.49 ÿ152.55 ÿ103.41

Sm ÿ41.63�0.07 20.25�0.03 ÿ691.1 ÿ1026.0 3.57 ÿ162.77 ÿ113.07

Eu ÿ41.93�0.08 20.24�0.05 ÿ605.6 ÿ936.5 3.65 ÿ166.69 ÿ116.72

Gd ÿ43.91�0.01 19.99�0.04 ÿ687.0 ÿ1007.6 3.68 ÿ176.96 ÿ125.76

Tb ÿ46.07�0.20 20.00�0.04 ÿ698.0 ÿ1007.0 3.71 ÿ188.53 ÿ135.14

Dy ÿ48.95�0.07 19.93�0.04 ÿ695.9 ÿ990.1 3.75 ÿ203.29 ÿ147.23

Ho ÿ46.19�0.17 19.98�0.04 ÿ707.0 ÿ995.0 3.71 ÿ209.53 ÿ156.08

Er ÿ46.35 b 19.99 b ÿ705.0 ÿ995.0 3.64 ÿ207.60 ÿ153.96 b

Tm ÿ46.62 b 20.00 b ÿ705.2 ÿ991.0 3.66 ÿ211.78 ÿ157.84 b

Yb ÿ46.78�0.17 20.01�0.03 ÿ674.5 ÿ960.0 3.62 ÿ212.12 ÿ157.99

Lu ÿ46.92 b 20.03 b ÿ702.6 ÿ985.7 3.65 ÿ214.49 ÿ160.19 b

Y ÿ30.07�0.10 19.99�0.03 ÿ715.0 ÿ996.0 3.60 ÿ216.64 ÿ179.28

a Ref. [13].
b Estimated values.
c Example of the calculation of �L (�L(RECl3) is the relative apparent molar enthalpy of RECl3) in aqueous solution) [12]:
�L(RECl3)0.03673�6990 m0.5ÿ18851.9306 m�56881.9234 m1.5ÿ66921.7907 m1.75�25185.78432 m2ÿ700.23677 m2.75� 874.8 cal molÿ1�
3.66 kJ molÿ1 (m is the molality).
d �H2��H0

s � �L � �H0
f �RE3�; aq� � 3�H0

f �Clÿ; aq� ÿ�H0
f �RECl3; c� � �L (�H0

s is the standard enthalpy of solution; �H0
f �Clÿ; aq� �

167.08 kJ molÿ1 [14]).
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and Yb on the two broken lines, i.e. the positions of Eu

and Yb are the minimum among the values of ÿ�H0
f

(REBr3�nH2O,c) and ÿ�H0
f (RECl3�nH2O,c). As Eu

and Yb atoms do not have any 5d electrons, they have

thermodynamic stability of the half-®lled (4f 7) and

®lled (4f 14) valency shells. Their third electroioniza-

tion energy and the total amount of the electroioniza-

tion energies of the ®rst, the second and the third are

Table 3

Standard molar enthalpies of formation �H0
f and standard dehydration enthalpies �H0

d of REBr3�nH2O (298.15 K) (in kJ molÿ1)

RE �H0
f (REBr3�nH2O, c) �H0

f (RECl3�nH2O, c) �H0
f (REBr3,c) a �H0

d (REBr3�nH2O, c)

La ÿ3040.5 ÿ3183.2 ÿ907.2�1.7 132.5

Ce ÿ3030.4 ÿ3172.3 ÿ890.0 b 139.6 b

Pr ÿ3035.8 ÿ3178.2 ÿ891.4�1.7 143.6

Nd ÿ2731.3 ÿ2874.0 ÿ873.2�1.7 143.1

Pm ÿ2728.3 b ÿ2871.9 b Ð 148.0 b

Sm ÿ2725.2 ÿ2869.8 ÿ857.3�2.0 152.9

Eu ÿ2639.3 ÿ2785.3 ÿ762.2 b 162.1 b

Gd ÿ2719.5 ÿ2865.2 ÿ828.8�2.4 175.7

Tb ÿ2728.3 ÿ2864.8 ÿ839.1�2.4 174.2

Dy ÿ2723.5 ÿ2876.5 ÿ834.1�2.8 174.4

Ho ÿ2737.2 ÿ2879.8 ÿ842.1�2.7 180.1

Er ÿ2735.1 b ÿ2880.7 ÿ835.8�10 184.3 b

Tm ÿ2735.0 b ÿ2873.2 ÿ833.0 b 187.2 b

Yb ÿ2704.1 ÿ2843.4 ÿ793.8�2.4 195.3

Lu ÿ2732.0 b ÿ2866.9 ÿ835.0 b 182.0 b

Y ÿ2761.4 ÿ2884.4 ÿ858.1�2.0 188.3

a Refs. [9±11].
b Estimated values.

Fig. 1. A plot of ÿ�H0
f (REBr3�nH2O, c) and ÿ�H0

f (RECl3�nH2O, c) vs. lanthanide atomic numbers ((^) Cl comp.� RECl3�nH2O; (&) Br

comp.�REBr3�nH2O).
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maximum in lanthanides. The greater the energy

of electroionization, the more the energy consumed

during the formation of some chemical bonds.

Therefore, the releasing energy of the compounds

of Eu and Yb decreases acutely when the compounds

form so that the enthalpies of formation have the

minimum.

The vast prospects of application of the `̀ double

peak effect'' could be predicted: It could be used

to separate and purify rare-earth compounds by

using the speci®c characteristics of compounds of

Eu and Yb so that we can separate superpuri®ed

rare-earth metals and compounds. It could be

used to ®nd and prepare particular function material

of rare-earth metals because the properties of Eu

and Yb compounds are fairly different from the

remaining compounds of lanthnoids. It could be used

to predict the properties and chemical thermo-

dynamics data of compounds and complexes of

rare-earth metals. Based on this information, we

can use known data to predict unknown properties

of some compounds.

3.2. Standard enthalpies of dehydration of

REBr3�nH2O, �H0
d

The values of �H0
d were calculated according to

reaction (9) and Eq. (10),

REBr3 � nH2O�c� ��H0
d REBr3�c� � nH2O�l�

(9)

where �H0
d is the standard enthalpy of dehydration,

and

�H0
d � �H0

f �REBr3;c� � n�H0
f �H2O; l�

ÿ�H0
f �REBr3 � nH2O; c� (10)

where the values of �H0
f (REBr3,c) were taken from

Refs. [9±11]. The results of the calculation are listed in

Table 3.

3.3. Lattice energies of REBr3�nH2O, �U0
L

Setting �H0
L as the lattice enthalpy in forming the

crystal REBr3�nH2O from RE3�(g), Brÿ(g) and

H2O(g) at 298.15 K and �U0
L as the crystal lattice

energies, we have

RE3��g� � 3Brÿ�g� � nH2O�g�

!�H0
L

REBr3 � nH2O�c� (11)

�H0
L � �H0

f �REBr3 � nH2O; c�
ÿ�H0

f �RE3�; g� ÿ 3�H0
f �Brÿ; g�

ÿ n�H0
f �H2O; g� (12)

Table 4

Lattice energies �U0
L (REBr3

�nH2O,c) (298.15 K) (in kJ molÿ1)

RE �H0
f (RE3�, g) a �U0

L (REBr3�nH2O,c) �U0
L (RECl3�nH2O,c) a

La 3905.6 ÿ4534 ÿ4667

Ce 3958.7 ÿ4577 ÿ4712

Pr 4003.5 ÿ4628 ÿ4757

Nd 4042.5 ÿ4606 ÿ4738

Pm ÿÿÿ ÿ4629 b ÿ4758 b

Sm 4094.3 ÿ4652 ÿ4788

Eu 4232.0 ÿ4704 ÿ4839

Gd 4166.1 ÿ4718 ÿ4853

Tb 4197.3 ÿ4758 ÿ4884

Dy 4207.0 ÿ4763 ÿ4906

Ho 4242.2 ÿ4812 ÿ4945

Er 4269.0 ÿ4837 b ÿ4992

Tm 4294.8 ÿ4862 b ÿ4990

Yb 4368.2 ÿ4905 ÿ5033

Lu 4356.2 ÿ4921 b ÿ5046

Y 4215.9 ÿ4810 ÿ4923

a Ref. [21]
b Estimated values
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�H0
L � �U0

L ��nRT (13)

�U0
L � �H0

f �REBr3 � nH2O; c�
ÿ�H0

f �RE3�; g� ÿ 3�H0
f �Brÿ; g�

ÿ n�H0
f �H2O; g� ÿ�nRT (14)

where �n�ÿ7 for RE�La, Ce, and Pr; �n�ÿ6 for

RE�Nd, Sm, Eu, Gd, Tb, Dy, Ho, Yb, and Y;

R�8.314 J molÿ1 Kÿ1; T�298.15 K; �H0
f (H2O, g)�

ÿ241.814 kJ molÿ1 [14]; �H0
f (Brÿ, g)�ÿ233.89

kJ molÿ1 [23].

By substituting the above-mentioned data and the

values of �H0
f (RE3�, g) taken from a previous study

[21] into Eqs. (12)±(14), the values of �U0
L in Table 4

are obtained.

A plot of ÿ�U0
L (REBr3�nH2O,c) obtained in this

work and ÿ�U0
L (RECl3�nH2O,c) taken from Ref.

[21], vs. the lanthanides atomic numbers is shown in

Fig. 2.

It is seen from Fig. 2 that there is the same trend,

namely ÿ�U0
L in proper order increase with increas-

ing atomic number in two broken lines. This is due to

the fact that the well-known lanthanide contraction

causes an overall decrease in ionic radius so the lattice

energies increase successively. In addition, ÿ�U0
L

(REBr3�nH2O,c) is smaller than ÿ�U0
L (RECl3�

nH2O,c) by ca. 125±133 kJ molÿ1 owing to the radius

of Brÿ being larger than that of Clÿ.
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