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Abstract

A complex of holmium perchlorate coordinated withl-glutamic acid, [Ho2(l-Glu)2(H2O)8](ClO4)4·H2O, was prepared with a purity of 98.96%.
The compound was characterized by chemical, elemental and thermal analysis. Heat capacities of the compound were determined by automated
adiabatic calorimetry from 78 to 370 K. The dehydration temperature is 350 K. The dehydration enthalpy and entropy are 16.34 kJ mol−1 and
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6.67 J K−1 mol−1, respectively. The standard enthalpy of formation is−6474.6 kJ mol−1 from reaction calorimetry at 298.15 K.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Rare earth complexes have been extensively investigated in
ecent decade. However, basic thermochemistry data on rare
arth complexes with amino acids were rarely reported. In this
ork, crystals of [Ho2(l-Glu)2(H2O)8](ClO4)4·H2O have been
ynthesized and characterized. The standard molar enthalpies of
ormation,�fH

Θ
m, and reaction,�rH

Θ, of the complexes have
een determined with reaction calorimetry. Molar heat capacity,
p,m, was measured with a high-precision automated, adiabatic
alorimeter.

. Experimental

.1. Synthesis and characterization of the complex

.1.1. [Ho2(l-Glu)2(H2O)8](ClO4)4·H2O
Twenty millimoles Ho2O3 (99.95%) was dissolved in HClO4

analytic grade), and distilled water was added to 100 mL. Then
-glutamic acid (20 mmol) was added and stirred with pH = 3.5.

The mixed solution was stirred for 3 h at 313 to 323 K, con
trated by evaporation, cooled, and filtered. Crystals appe
after a month of natural evaporation at room temperature
crystals were dried till constant weight[1]. The product [Ho2(l-
Glu)2(H2O)8](ClO4)4·H2O was 5.5 g, with a purity of 98.96%

2.1.2. HoCl3
Ho2O3 (2.103 g) was dissolved in HCl at the mole ratio 1

After concentrating by evaporation, the rare-earth chloride
filtered, crystallized, washed with alcohol, and re-crystalli
Finally, the collected crystals were desiccated in a dryer
the mass became constant[2].

Relative content of C, H, N in the complexes was determ
by elemental analysis and relative content of element Ho
determined by EDTA titration. Thermal analysis was done
a TGA/SDTA851e (Mettler Toledo, Sweden) and a DTA-17
(P.E. Perkia-Elmer, American). Melting point of the sample
obtained with binocular melting point stereometer (XT4, Ta
Beijing). HoCl3 was also analyzed by thermogravimetry and
ferential thermal analyzer. The rare-earth content was mea
with EDTA titration.
∗ Corresponding author. Tel.: +86 411 84379199; fax: +86 411 84691570.
E-mail address: tzc@dicp.ac.cn (Z.-C. Tan).

From the result of five groups data obtained by using EDTA
titration in the same condition, the purity was known as 98.96%.
The solid complex did not have a fixed melting point from room
040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2005.11.021
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Fig. 1. The thermochemical cycles for measuring the standard molar enthalpy of reaction (�rH
Θ).

temperature to 593 K. The color of the complex was bright
yellow at room temperature, but at the range of 533–553 K it
changed to be saffron and charred above 593 K. The constitution
found was Ho (27.62%), C (10.16%), N (2.37%) and H (2.89%),
in agreement with theoretical calculated result, Ho (27.91%), C
(10.11%), N (2.89%) and H (2.92%). By TG and DTA, two
endothermal peaks at 341–372 K (peak value at 357.7 K) and
383–473 K (peak value at 441.7 K) and an exothermal one at
483–533 K (peak value at 521.9 K) were observed with weight
loss of 6.26, 7.83 and 42.89%, respectively. The total weight
loss of the first two steps, 14.09%, corresponds with loss of nine
water molecules, four at first and five at second. The weight loss
in the third period was possibly the oxidation ofl-glutamic acid
by perchlorate.

The synthesized HoCl3 was analyzed by TG and chemical
analysis to give 27.8% water in the sample, i.e. HoCl3·6H2O.

2.2. Calorimetric methods

2.2.1. �fH
Θ at 298 K

2.2.1.1. Thermodynamic cycle. Reaction scheme for the�fH
Θ

of [Ho2(l-Glu)2(H2O)8](ClO4)4·H2O at 298.15 K at atmo-
spheric pressure was designed as follows:

2HoCl3·6H2O(s) + 2l-Glu(s) + 6NaClO4·H2O(s)

olve
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ter, the molar enthalpy of solution of KCl (Standard Reference
Material 1655, the National Institute of Standard and Technol-
ogy), in double-distilled water was measured at 298.15 K. The
uncertainty and inaccuracy were within±0.5%[3].

Reactants and products according to their ratio in the
chemical reaction equation, HoCl3·6H2O: 0.0961 g,l-Glu:
0.0373 g, NaClO4·H2O: 0.106 g, NaCl: 0.0444 g and [Ho2(l-
Glu)2(H2O)8](ClO4)4·H2O: 0.1500 g, were weighed and put
into sample cell under normal pressure at 298.15 K. The tem-
perature change was monitored with dc electronic bridge and
recorder, energy equivalent was by electrical standardization[4].

2.2.2. Cp,m at 78–370 K
The low-temperature heat capacity of the complex was mea-

sured with an adiabatic calorimeter, Dalian Institute of Chemical
Physics, Chinese Academy of Sciences. The instrument has been
described in detail elsewhere[5]. The working temperature was
78–370 K. The reliability of the calorimeter was verified by mea-
suring the molar heat capacity of�-Al2O3. The deviation of the
calibration data from those of NIST was within±0.1%. The tem-
perature increments of the experiment point were between 2 and
4 K; the heating duration was 25 min and the temperature drift
rates in an equilibrium period were within 10−4 K min−1[6].

3. Results and discussion
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→ [Ho2(l-Glu)2(H2O)8](ClO4)4·H2O(s)

+ 6NaCl(s)+ 9H2O(l)

It was found that the reactants and products could be diss
n 2 mol L−1 HCl to give the same final state. If the dis
ution enthalpies of reactants and products were determ

rH
Θ and�fH

Θ of [Ho2(l-Glu)2(H2O)8](ClO4)4·H2O can be
btained by the chemical cycle inFig. 1.

According to the Hess law:

rH
� = ∆sH1 − ∆sH2 − ∆dH − ∆dH

′

here�dH is enthalpy of dilution of 0.0205 g water added i
00 mL 2 mol L−1 HCl. �dH′ is enthalpy of dilution of 0.0255
ClO4 added into the solution of 100 mL 2 mol L−1 HCl and
.0205 g H2O.

.2.1.2. Enthalpies of solution, �sH1, �sH2. A solution-
eaction isoperibol calorimeter constructed in the Thermoc
stry Lab. of Wuhan University was used to determine
nthalpies of dissolution. To verify the reliability of the calorim
d

,

-

.1. �fH
Θ at 298 K

.1.1. Enthalpy of dilution, �dH
Dilution enthalpy of 0.0205 g water added in

00 mL 2 mol L−1 HCl (the mol concentration of mass
.1573 mol kg−1) was obtained from[7].
�dH2.1573→2.1568=�dH2.1573→0–�dH2.1568→0=

ϕL(2.1573)− ϕL(2.1568)) × 0.2× 4.184 =−(659.8585–659.748
0.2× 4.184× 10−3 kJ =−0.092 J.

.1.2. Enthalpy of dilution, �dH′
The HClO4 concentration is 0.00274 mol kg−1 when

.0255 g HClO4 was added into the solution of 100 m
mol L−1 HCl and 0.0205 g H2O. According to [7],
L = 91.838 J mol−1, and�dHm

′ =−ΦL =−91.838 J mol−1.
�fH

Θ
m HClO4(l) = −40.585 kJ mol−1, �fH

Θ
m HClO4(aq,

) = −129.327 kJ mol−1, and �H(l) [−129.327− (−40.585)
103] J mol−1 =−88.742× 103 J mol−1, and �dH′ =

(−88.742× 103 + 91.838)× 0.0255/100.4586] J =−22.503 J.
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Fig. 2. Experimental molar heat capacity plotted against temperature of [Ho2(l-Glu)2(H2O)8](ClO4)4·H2O.

3.1.3. Enthalpies of solution, �sH1, �sH2

Dissolution enthalpies of the reactants,�sH1,
HoCl3·6H2O, l-Glu, NaClO4·H2O (nHoCl3·6H2O : nl-Glu :
nNaClO4·H2O = 2:2:6); in 100 mL, 2 mol L−1 HCl (298.15 K,
R = 1350.3�, I = 9.997 mA) were calculated to be
�sH1 = (12.566± 0.019) J from the average of five exper-
iments.

Dissolution enthalpies of the products,�sH2, [Ho2(l-Glu)2
(H2O)8](ClO4)4·H2O, NaCl(n[Ho2(l-Glu)2(H2O)8](ClO4)4·H2O :
nNaCl = 1:6) in 100 mL, 2 mol L−1 HCl + 0.0205 g H2O
(298.2 K,R = 1350.3�, I = 9.997 mA)�sH2 = (3.773± 0.014) J
from the average of five experiments.

�rH
� = ∆sH1 − ∆sH2 − ∆dH − ∆dH

′

= [12.566− 3.773 + 0.092 + 22.503] J

= 31.388 J.

If 0.1500 g [Ho2(l-Glu)2(H2O)8](ClO4)4·H2O was used in the
measurement, then�rH

Θ
m = 247.348 kJ mol−1.

�rH
Θ
m =�fH

Θ
m ([Ho2(l-Glu)2(H2O)8](ClO4)4·H2O, s,

298.15 K) + 6�fH
Θ
m (NaCl, s, 298.15 K) + 9�fH

Θ
m (H2O,

l, 298.15 K) + 2�fH
Θ
m (HClO4, l, 298.15 K)− 2�fH

Θ
m

(HoCl3·6H2O, s, 298.15 K)− 2�fH
Θ
m (l-Glu, s,

298.15 K)− 6�fH
Θ
m (NaClO4·H2O, s, 298.15 K).

From [8], the values listed inTable 1,�fH
Θ
m was deter-

m Θ

2

T
�

N
H
H
H
l
N

3.2. Cp,m at 78–370 K

A plot of experimentalCp,m against temperature (T) is
shown in Fig. 2 and listed in supplementary data tables.
The curve was smooth and ascending over the tempera-
ture range from 78 to 344 K, except where a structure
change occurred from 177 to185 K. The endothermic peak
from 344 to 362 K was caused by loss of four coordi-
nated water molecules from [Ho2(l-Glu)2(H2O)8](ClO4)4·H2O
molecule.

Two polynomials equations were obtained from the molar
heat capacities by the least square fitting.

From 78 to 177 K
Cp,m(J K−1 mol−1) = 679.724 + 200.909x+ 10.083x2 +

40.029x3 − 30.299x4, where x = (T − 128)/50, and relative
coefficientR = 0.9994.

From 185 to 344 K
Cp,m(J K−1 mol−1) = 1362.083 + 295.923x+ 1.8507x2 +

23.556x3 − 13.244x4, where x = (T − 265)/79, and relative
coefficientR = 0.9995.

The compound dehydration temperature was 350 K, dehy-
dration enthalpy change and dehydration entropy change were
determined to be 16.34 kJ mol−1 and 46.69 J mol−1 K−1, respec-
t

w
w y
d

A

at-
u and
ined to be �fHm ([Ho2(l-Glu)2(H2O)8](ClO4)4·H2O, s,
98.15 K) = (−6474.6± 6.4) kJ mol−1.

able 1

fH
Θ
m (kJ mol−1) of the pure substances at 298.15 K

aCl (s) −411.12

2O (l) −285.83
ClO4 (l) −40.585
oCl3·6H2O (s) −2878.2
-Glu (s) −1009.7
aClO4·H2O (s) −677.77
ively, by integrating the dehydration peak.
Thermodynamic functions [HT − H298.15] and [ST − S298.15]

ere calculated in the temperature range fromT = 80 to 370 K
ith a temperature interval of 5 K and listed insupplementar
ata tables.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at10.1016/j.tca.2005.11.021.
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