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Abstract  The crystalline complex of holmium chloride with alanine, [Ho»(Ala):(H.0)s]Cls, was synthesized. Heat
capacities of [Ho:(Ala)s(H>0)s]Cls were measured by adiabatic calorimetry over the temperature range from 78 to 363
K. A solid-solid phase transition was found between 214 K and 255 K with the peak temperature of 235. 09 K. The en-
thalpy and entropy of the transition were determined to be 3. 017 kJ * mol ™' and 12.83 J + K~' * mol ', respective-
ly. The molar heat capacities were presented by a fitted polynomial as a function of reduced temperature. The thermody-
namic functions relative to the reference temperature 298. 15 K were calculated based on the heat capacity data. Thermal
stability of the complex was studied by thermogravimetry (TG) and differential scanning calorimetry (DSC) over the
temperature range from 40 to 800 C. From the DTG curves, two peaks were observed in the process of the thermal de-

compositions for the complex. The first mass-loss peak started from 80 C and ended at 179 C, and the second mass-loss

peak started from 242 C and ended at 479 C. A possible mechanism of the thermal decomposition was presented.
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Since the 1960s, the syntheses, structures and properties of
complexes of rare-earth compounds with amino acids have at-
tracted increasing interest '!, and the wide applications of the
complexes in agriculture ', medicine *', biology '* and light in-
dustry ! have been successively found. In the past decades,
about 200 kinds of such complexes have been prepared and over
40 kinds of complexes among them have been studied for their
structure "'!. Lengendziewicz et al. ' prepared and characterized
the monocrystal of holmium chloride with alanine, and deter-
mined the crystal structure. However, until now, few ther-
modyamic properties of these complexes have been reported in
the literatures. For further research on these compounds, it is
necessary to determine their basic thermodynamic properties.

In this paper, we report the heat capacities and thermody-
namic functions of [Ho:(Ala),(H:0):]Cls over the temperature
range of 80 ~365 K. A possible thermal decomposition mecha-
nism is proposed for this compound on the basis of thermo-

gravimetry (TG) and differential scanning calorimetry (DSC).
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1 Experimental
1.1 Sample preparation and characterization

In accordance with the method described in Ref. [6], the
crystalline [Ho.(Ala) +(H20)s] Cls was synthesized. Rare earth
oxide (Ho:0s, with a purity greater than 99. 9% ) was dissolved
in hydrochloric acid to obtain aqueous solutions of HoCls. The
amino acid was then added to the solution with the molar ratio of
2: 1 to rare earth ion at pH =4. 0. The crystal of [Ho:(Ala)
(H>0)351Cls precipitated from the solution. Finally, the collected
crystals were desiccated in a dryer to prevent the coordination
compounds from deliquescent in air.

The actual content of holmium ion in the crystalline product
was determined by EDTA titrimetric analysis. The result of anal-
ysis indicated that the purity of the prepared [Ho:(Ala).(H:0)s] *
Cls sample was greater than 99. 50% (mass fraction).

1.2  Adiabatic calorimetry

Heat capacity measurement was carried out in an automatic

small sample adiabatic calorimeter. The principle and structure of
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the calorimeter were described in detail elsewhere "°'. The
calorimeter mainly consisted of a sample cell, the inner and outer
adiabatic shields, a platinum resistance thermometer, an electric
heater, two sets of differential thermocouples and a high vacuum
can. Briefly, the sample cell was a gold-plated copper container
with an internal volume of about 6 mL. The electric heater was
wound on the wall of the cell for heating the samples. A minia-
ture platinum resistance thermometer was fixed at the bottom of
the cell for measuring the temperature of sample. A small amount
of helium gas was introduced into the cell to promote the heat
transfer. The electric energy was introduced into the cell, and
then the temperature of the cell was measured by the platinum
thermometer. The calorimetric data were automatically collected
by the Data Acquisition / Switch Unit (Model 34970A, Agilent,
USA) and interfaced to a personal computer for processing.

In order to obtain good adiabatic conditions between the
sample cell and its surroundings, two similar control circuits were
used to control the temperature of the inner and outer adiabatic
shields. Each control circuit consisted of a precise temperature
controller and a set of thermocouples. When these control circuits
were working, the temperature difference between the cell and its
surroundings was kept within +1 mK during the entire experi-
mental process of heat capacity measurements. The temperature
drift rates of the cell were kept less than +0. 5 mK * min~' dur-
ing the temperature equilibrium period. Liquid nitrogen was used
as the cooling medium.

Prior to the heat capacity measurements of the sample, the
reliability of the calorimetric apparatus was verified through the
heat capacity measurements of the reference standard material
a-Al:Os. The deviations of our calibration results from the rec-

101 of the former

ommended values reported by Ditmars er al.
National Bureau of Standards are within +0. 2% in the tempera-
ture range from 80 to 400 K.

The sample mass of a-Al:Os used for the heat capacity mea-
surements was 1. 9901 g, which is equivalent to 1. 9082 mmol,
based on its corresponding molar mass of 1042.9 g * mol ™",
1.3 Thermal analysis

The TG measurement of the sample was carried out by a
thermogravimetric analysis system (Model TGA / SDTAS851e,
METTLER TOLEDO COMPANY, Switzerland) under high pu-
rity N2(99. 999% ) with a flow rate of 60 mL * min~' and the
heating rate was 10 °C * min~'. The mass of the sample used for
TG analysis was 2. 410 mg.

A differential scanning calorimeter (Model SETSYS-16/
18, SETARAM, France) was used to perform the thermal analy-
sis of [Ho:(Ala).(H20):]Cls. The mass of the sample used for
DSC measurement was 3. 000 mg, the heating rate was 10 C -

min~', and the flow rate of purge gas (N, with a purity of

99.999% ) was 20 mL * min .

2 Results and discussion
2.1 Heat capacity

The experimental molar heat capacities of the sample are
shown in Fig. 1 and Table 1, respectively. The molar heat capaci-
ties are fitted to the following polynomials in reduced tempera-
ture ( X), by means of the least square fitting.

For [Ho:(Ala),;(H>0)s]Cls over the temperature range from
78 to 214 K:

Com(J = K" = mol™') =721.31 +293.82X -45. 119 X* -

65. 422 X* —6. 7924 X* +33. 737 X" (1)
where, X = [ T(K) —1461/68, T is the absolute temperature; R*
is the correlation coefficient of the fitted curve, and R®=
0. 9998.

Over the temperature range of 255 to 363 K:

Com(J = K" = mol™') =1140. 1 +116. 42X —87. 927 X* +
39.022X* +77. 236 X' —=35. 700 X° (2)
where, X = [ T(K) —3091/54, R* = 0.9993.

From Fig. 1, it can be seen that the heat capacities of the
sample [Ho:(Ala)(H>0)3s]Cls increase with increasing temper-
ature in a smooth and continuous manner from 78 to 214 K and
from 255 to 363 K. It showed that no phase transition or thermal
anomaly occurred in these temperature ranges. Therefore, the
sample was stable in the above ranges. However, a thermal
anomaly was observed in the temperature range from 214 to 255
K with a peak temperature of 235. 09 K. Two series of heat ca-
pacity experiments were carried out in the region of thermal
anomaly (see Fig. 1) under the same conditions, which may ver-
ify that the thermal anomaly behavior was reversible and repeat-
able. No fusion phenomenon was observed in the sample after the

heat capacity measurements were completed. Thus, the thermal
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Fig.1 Experimental molar heat capacities of
[Ho:(Ala)s:(H:0 )s]Cls as a function of temperature
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transition region
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Table1 The experimental molar heat capacities of [Ho:(Ala),(H.0)s]Cls (molar mass: M =1042.92)
Cy C, C,
T/K —_— T/K T/K
J- K" mol™' J- K" mol™' J- K" mol™'
78. 328 410. 13 180. 203 849. 95 273.782 1031. 6
79.952 416. 66 183. 250 860. 69 276. 705 1045. 1
82. 389 430. 83 186. 282 863. 50 279. 627 1050. 9
86. 032 449. 38 189. 286 873.16 282. 549 1061. 8
90. 803 473. 82 191. 234 879. 30 285. 390 1070. 6
95. 361 495. 72 192. 127 885. 45 288. 231 1080. 6
99. 746 515.92 193. 101 886. 76 291.071 1090. 5
103. 982 534. 44 194. 075 887. 77 293.912 1102. 2
108. 093 551. 37 196. 834 894. 23 296. 834 1111.8
112. 090 570. 42 201. 136 904. 77 299. 756 1120. 7
115. 995 588. 31 205. 519 916. 19 302. 679 1125.2
119. 812 605. 70 209. 740 923.21 306. 575 1133.6
123. 550 620. 18 213. 880 928. 92 311.201 1144. 1
127.218 635.11 218.019 945.17 315. 747 1150. 5
130. 830 651. 99 222.159 962. 73 319. 237 1161.0
134. 388 666. 44 226. 299 1022.9 322.779 1163. 8
137. 906 684. 46 230. 601 1113. 4 326. 136 1172. 4
141. 369 705. 18 235. 091 1198. 0 329. 627 1178. 6
144. 806 719.92 239. 367 1087. 2 333.023 1180. 1
148. 198 733. 84 243.019 1047.9 336. 364 1183. 8
151. 551 748. 79 246. 266 1032. 6 339. 692 1187. 4
154. 870 759. 41 249. 432 1019. 8 343.101 1196. 3
158. 152 769. 45 252. 597 1014. 1 346. 429 1201.8
161. 402 781. 30 255. 763 1006. 7 349. 756 1213. 2
164. 615 796. 77 258. 795 1007. 4 353. 084 1221. 2
167. 789 807.77 261. 832 1010. 6 356.331 1228. 3
170. 931 821.15 264. 846 1012. 8 359.578 1240. 1
174. 045 831. 64 267. 843 1020. 1 362. 744 1245. 6
177.136 839. 15 270. 829 1032. 6

anomaly may be ascribed to a solid-solid phase transition for the
investigated solid complex.

The molar enthalpy of the phase transition, A H., and molar
entropy of the phase transition, A Sn, of the complex were de-
rived from the heat capacity data according to the relationship of
thermodynamic functions. The A H, and A S, were determined to
be 3.017 kJ - mol ™' and 12.83J * K" * mol ', respectively.
2.2  The values of thermodynamic functions

In the present study, the heat capacity near the temperature
of thermodynamic zero point was difficult to obtain. Therefore,
only the thermodynamic function data in the temperature range
from 80 to 400 K were calculated based on the reference standard
temperature 298. 15 K. According to the relationship between
the molar heat capacity and the thermodynamic functions
(formula 3, 4 ) by means of numerical integrating the heat ca-

pacity polynomials, the values of thermodynamic functions,

H7r — Hos.15 and St — Sas.15 were calculated and listed in Table 2

with the interval of 5 K.
T

Com dT (3)

298. 15

Hr—Hsos. 15k = J

T

Cp.nT™'dT (4)

$r=Somrex = |
208.15
2.3  The results of TG/DSC analysis of the sample

The DSC results of [Ho>(Ala).(H.0)s]Cls are presented in
Fig. 2, from which we can see that no thermal anomaly occurred
below 80 C, which means that the structure of the complex was
stable below this temperature. However, two exothermic peaks
were observed at about 129 “C and 296 C, respectively.

The TG/DTG curves of the complex are shown in Fig. 3. It
can be seen clearly from the mass-loss curve that two steps existed

inthe process of the thermal decomposition for [Hox(Alay (H0 ) 1CL.

The solid complex was stable below 80 ‘Cand started decomposi-
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Table2 The values of the thermodynamic functions of [Ho:(Ala),(H.0 )s]1Cls

Cp, Hyos.15 — Hr Sa08.15 — St C, Hios.15 — Hr S208.15 — St
T/K T/ K
J-K™'* mol™' kJ + mol ! J:-K'*mol™’ J-K'"mol™' kJ + mol ™! J-K'*mol™'

80 418. 36 182. 97 1000. 9 230 1100. 5 72.186 275.03

85 444. 66 180. 82 974. 77 235 1196. 5 66. 430 250. 28

90 469. 38 178. 53 948. 65 235. 09 1206. 8 66. 322 249. 82

95 493. 01 176. 12 922. 63 240 1077. 4 60. 768 226.43
100 515.95 173. 60 896. 76 245 1037. 8 55.501 204. 71
105 538. 51 170. 96 871. 04 250 1017. 7 50. 363 183. 95
110 560. 88 168. 22 845. 47 255 1034. 1 45. 272 163. 79
115 583. 23 165. 36 820. 05 260 1007. 2 40. 201 144. 09
120 605. 61 162. 38 794. 75 265 1012. 6 35. 154 124. 87
125 628. 04 159. 30 769. 58 270 1023. 5 30. 065 105. 85
130 650. 49 156. 10 744. 51 275 1037.9 24.913 86. 937
135 672.87 152. 79 719. 54 280 1054. 2 19. 683 68. 091
140 695. 08 149. 37 694. 67 285 1071. 2 14. 369 49. 283
145 716.98 145. 84 669. 89 290 1087.9 8.971 30. 507
150 738. 42 142. 20 645. 22 295 1103. 7 3.492 11. 773
155 759. 25 138. 46 620. 67 298. 15 1113.0 0. 000 0. 000
160 779. 32 134. 61 596. 24 300 1118.1 —2. 064 -6.901
165 798. 47 130. 67 571.97 305 1131.0 -7.687 —25.491
170 816. 59 126. 63 547. 86 310 1142.2 -13.371 —-43.974
175 833.58 122. 50 523. 94 315 1152.0 -19.107 -62.330
180 849. 39 118. 30 500. 23 320 1160. 6 —24. 890 —80. 542
185 864. 00 114.01 476.76 325 1168. 4 -30.712 —-98. 597
190 877.45 109. 66 453. 54 330 1175.8 -36.573 —-116. 49
195 889. 85 105. 24 430. 58 335 1183. 4 —-42. 471 —134.23
200 901. 37 100. 76 407.91 340 1191. 5 —48. 408 —151.82
205 912. 28 96. 226 385. 51 345 1200. 8 - 54. 388 -169. 28
210 922. 92 91. 638 363. 40 350 1211.6 -60.418 —-186. 63
215 938. 88 86. 994 341. 55 355 1224. 3 —66. 507 —203.91
220 949. 08 82.271 319. 83 360 1239. 1 —72. 664 -221.13
225 999. 67 77.426 298. 06 365 1256. 3 —78.902 -238. 34
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Fig.2 DSC curve of [Ho:(Ala):(H:0 )s1Cls Fig.3 TG/DTG cures of [Ho:(Ala):(H:0);1Cls

under high purity N: atmosphere under high purity N, atmosphere



No. 5 Tan Zhi-Cheng et al. : Thermodynamic Properties of [Ho.(Ala).(H:0):]1Cls (Ala = alanine) 449

tion at this point. The first mass-loss took place in the range of [EH G, M W, & KM . b2 il (Huaxue Tongbao),

80 ~ 197 C, and the second mass-loss occurred in the tempera- 1996, (10):14]

2 Guo, B.S. J. Chin. Rare Earth Soc.,1985,3(3):89  [S}fA12E .
P E A 4 254 ( Zhongguo Xitu Xuebao), 1985,3(3): 891

3 Deng, R. W.; Zhang, Z. S. Chinese Rare Earths, 1987, 8(2):
36 DAY, sk L . b (Xim), 1987,8(2):36]

4 Yang, W. D. ; Wang, T. ; Lei, H. Y. ; Liu, J. S. ; Yang, Y. S.
Chinese Rare Earths, 2000,21(3): 62  [#4i4, £ i, 51y
B, XEAE A . R b (Xi), 2000, 21(3): 621

5  Qu, B. Chinese Chemistry Industry, 1996,12: 11 [ P .

ture range of 242 ~479 C. These results were well in accord
with those obtained by DSC. The first mass-loss was 13. 56 % ,
and the second mass-loss was 34.57 % . According to the
mass-loss in each step, it was assumed that the first mass-loss
peak was associated with the loss of water, and the second
mass-loss peak corresponded to the decomposition of ala-

nine. Because the two corresponding mass-losses were close to

the calculated theoretical values, we considered that the final sh R T ( Zhongguo Huagong), 1996, 12: 111
residue for thermal decomposition of the complex should be 6  Lengendziewicz, J. ; Huskowska, E. ; Argay, G. Y. ; Waskowskz,
HoCl;. Therefore, the possible mechanism of thermal decomposi- A. Inorg. Chim. Acta, 1984, 95: 57
tion for the complex was deduced as follows: 7 Tan,Z.C.;Zhou, L. X. ; Chen, S. X. Science in China( Series
[Ho: (Ala)s(H.0)s1Cls B), 1983, (6):497 [ L&, F7 3, BRisles. hER: B
80 ~197 C ( Zhongguo Kexue B), 1983, (6):497]
13.56% (13.81% ) — [Ho:(Ala):]Cle 8 Tan,Z.C.;Sun, G.Y.;Sun, Y.;Yin, A. X. ; Wang, W. B. ; Ye,
242 ~ 479 C J. C.;Zhou, L. X. J. Therm. Anal., 1995, 45: 59
— 2HoCl;

9 Tan,Z.C.;Sun,G.Y.;Song, Y.J.; Wang, L. ; Han, J. R. ; Liu,
Y. S.; Wang, M. ; Nie, D. Z. Thermochim. Acta, 1999,
352-353: 247

10 Ditmars, D. A. ; Ishihara, S. ; Chang, S. S. ; Bernstein, G. ; West,
E. D. J. Res. Nat. Bur. Stand., 1982, 87: 159

34.57% (34.17% )
The mass-loss percentages in the brackets are the calculated

theoretical values of the corresponding thermal decomposition.
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