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ABSTRACT: A complex of lutetium hydrochloric acid coordinated with 2-aminoacetic acid (C,HsO,N), Lu(C,HsO,N),-
Cl;+3H,0, was synthesized. The molar heat capacities (C,,,) and thermodynamic properties of the complex were studied with an
automatic adiabatic calorimeter from (80 to 373) K. The thermodynamic functions [Hy — Haog 1sk] and [St — Syos.15x] were
derived over the temperature range from (85 to 315) K with a temperature interval of S K. The thermal decomposition behavior of
the complex under a nitrogen atmosphere was studied by thermogravimetric analysis, differential thermal analysis, and differential

scanning calorimetry.

B INTRODUCTION

Rare-earth elements have many unique biochemical proper-
ties. With the great progress being made in cognition and
research on the complexes of rare-earth ions with amino acids,
the complexes have been used in many areas, such as fertilizers,
pesticides, antibacterial agents, and so on. It is undoubtly the case
that rare-earth elements would inevitably be spread into the
bodies of beings with their applications. Therefore, it is necessary
to obtain information about the long-term effects of rare-earth
elements on people and explore more extensive applications of
the complexes. Up to now, the complexes of lanthanide ions with
amino acids have been synthesized and studied by a variety of
methods.' > However, only a few publications have dealt
with the thermodynamic properties,®” such as the molar heat
capacity (Cpm).

The values of C,, for a compound as a function of
temperature are basic physical data. From these data, many
other thermodynamic properties, such as enthalpy, entropy,
and Gibbs free energy, can be calculated,® and these thermo-
dynamic properties are important for both theoretical and
practical purposes. Adiabatic calorimetry at temperatures
from below 1 K to those approaching the limits imposed by
the materials themselves® is a classical method for heat
capacity measurements.

In the present investigation, a low-temperature adiabatic
calorimeter for small samples, whose structure, working princi-
ple, and reliability have been described in our previous works,®
was used to measure C,, for the title compound, Lu-
(C,HsO,N),Cly+3H,0. The thermodynamic properties of the
complex were studied using differential scanning calorimetry
(DSC) and thermogravimetric and differential thermal analysis
(TG—DTA).

B EXPERIMENTAL SECTION

Synthesis and Characterization of the Complex. Lu(C,Hs-
O,N),Cl;3-3H,0 was synthesized by a previously reported
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procedure.'* The rare-earth oxide (Lu,05) was dissolved in
an excess amount of hydrochloric acid, and the concentration
of the solution was determined by EDTA titration analysis.
Next, solid 2-aminoacetic acid (C,HsO,N) was added to the
solution of Lu*" in a Lu>":C,HsO,N molar ratio of 1:2. The
pH of the reaction mixture was carefully adjusted to ~2.5 by
slow addition of NaOH solution. The mixture was stirred at
333 K in A water bath for (7 to 8) h. The solution was then
condensed at room temperature for 2 weeks, and crystals were
obtained. The crystals were washed with anhydrous ethanol
three times and placed in a desiccator filled with phosphorus
pentoxide. The purity of the crystals was proved by EDTA
titrimetric analysis to be greater than 0.999 mass fraction,
which was sufficient to meet the requirements of the present
calorimetric study.

IR spectra of the complex and 2-aminoacetic acid were
obtained at room temperature using a Bruker Tensor 27 IR
spectrophotometer with KBr pellets. Compared with the IR
spectrum of 2-aminoacetic acid, the peak of the v,(COO™)
band of the complex shifted from 1412 cm™' to higher
wavenumbers (1419 cm™ '), the special absorptions of v,
(COO™) shifted from (1591 to 1620) cm ™', and the -
(COO™) absorption moved from (607 to 592) cm ',
showing that the carboxyl groups of the ligand were coordi-
nated to the metal ion.'® In the spectrum, the (NH>")
absorption peak shifted from (1521 to 1538) cm™'. A broad
absorption band for v(OH) appearing at 3418 cm ™" showed
the presence of water molecules in the complex.

Adiabatic Calorimetry. A precision automatic adiabatic calori-
meter was used to measure C,,, for the complex over the
temperature range from (80 to 373) K. The calorimeter was
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Table 1. Experimental Molar Heat Capacities (C,, ) of o.-
ALO; (M = 101.96 g-mol ')

T Cpm T Cpm T Cpm
K J-K'mol' K J-K'mol' K J.K"'mol'
78.64 6.377 159.7 35.90 280.2 74.99
79.62 6.725 163.4 37.37 283.6 76.00
80.91 7.105 166.9 38.84 287.0 76.62
82.61 7.649 170.4 40.20 289.8 77.23
84.26 8.043 1739 41.46 292.7 78.02
85.87 8.526 177.2 .75 295.4 78.49
87.44 9.002 180.5 43.99 298.1 79.02
88.97 9.467 183.8 45.19 3013 79.65
90.47 9.920 186.9 46.44 304.5 80.50
91.93 10.37 190.1 47.59 307.2 80.95
93.37 10.81 1932 48.72 309.9 81.50
94.78 1126 196.6 49.96 312.6 82.03
96.16 11.72 200.3 5129 3152 82.53
97.52 1218 204.0 52.56 317.9 83.03
98.86 12.63 207.7 53.87 320.5 83.48

100.2 13.07 211.3 55.06 323.5 84.11
1015 13.50 214.8 56.28 326.9 84.73
102.7 13.95 2217 58.48 3302 85.33
104.0 14.44 225.1 59.62 3335 86.15
106.6 15.36 228.4 60.72 336.8 86.67
110.5 16.76 231.7 61.72 340.7 87.33
1142 18.09 234.9 62.69 345.1 88.15
120.0 20.09 238.1 63.68 349.5 88.83
1209 20.67 2413 64.57 3539 89.56
123.1 21.59 244.5 65.50 3582 90.25
1263 22.85 247.6 66.49 362.4 90.73
129.5 24.08 250.7 67.28 366.7 91.61
132.6 25.30 253.7 68.20 370.8 92.38
1356 26.49 256.8 69.05 375.0 93.16
1386 27.65 259.8 69.87 3789 93.55
1414 28.77 262.8 70.67 383.0 94.01
144.3 29.85 265.8 71.44 387.4 94.61
147.3 31.01 268.7 72.19 391.8 95.13
149.3 32.04 271.6 72.94 396.2 95.74
152.5 33.27 274.5 73.67 400.4 96.18
156.0 34.69 277.4 74.36

established in the Thermochemistry Laboratory of the
Dalian Institute of Chemical Physics, Chinese Academy of
Sciences.

The structure and principle of the adiabatic calorimeter
have been described in detail elsewhere.® '* The automatic
adiabatic calorimeter consisted of a sample cell made of gold-
plated copper; a miniature platinum resistance thermometer
(IPRT no. 2, produced by Shanghai Institute on Industrial
Automatic Meters; 16 mm in length, 1.6 mm in diameter, and a
nominal resistance of 100 Q); an electric heater; the inner and
outer adiabatic shields; two sets of six-junction chromel—
constantan thermopiles, one installed between the calori-
metric cell and the inner shield and the other between the
inner and outer shields; and a high-vacuum can.

Table 2. Comparison of Experimental Molar Heat Capacities
(C,,m) of 0-Al,O3 with the Values Recommended by NIST
Cpm/J-K ' emol Cpm/J-K ' emol

T/K  present NIST 0%/% T/K  present NIST  0/%

80 6.901 6.90 0.01 250 67.08 67.06 0.03

90 9.678 9.67 0.08 260 69.82 69.80 0.03
100 12.85 12.84 0.08 270 72.42 72.41 0.01
110 16.34 16.34 0.00 280 74.87 74.88  —0.01
120 20.07 20.07 0.00 290 77.20 7723  —0.04
130 23.95 23.95 0.00 300 79.41 7945  —0.0S
140 2793 27.93 0.00 310 81.51 81.56  —0.06
150 31.95 31.94 0.03 320 83.49 83.55 —0.07
160 35.95 35.94 0.03 330 85.37 8544  —0.08
170 39.90 39.89 0.03 340 87.16 8723  —0.08
180 43.75 43.74 0.02 350 88.84 88.92  —0.09
190 47.50 47.50 0.00 360 90.45 90.52  —0.08
200 SL.12 51.12 0.00 370 91.97 92.04 —0.08
210 54.61 54.61 0.00 380 93.41 9348  —0.07
220 57.95 57.95 0.00 390 94.91 94.84 0.07
230 61.14 61.14 0.00 400 96.18 96.14 0.04
240 64.18 64.17 0.02

¢ 6 = (100 %) * (C ,m,present Cp,m,NIST)/C ,m,NIST*

The effective capacity of the sample cell was 6 cm®. Four gold-
plated copper vanes with a thickness of 0.2 mm were placed
inside with an X shape to promote heat distribution. The
minijature platinum thermometer was inserted into a horizontal
copper sheath soldered under the bottom. The thermometer was
calibrated on the basis of ITS-90 by the Station of Low-
Temperature Metrology and Measurements, Academia Sinica.
The resistance of the thermometer was measured by a 7'/, digit
NanoVolt/Micro-Ohm meter (model 34420, Agilent, USA).
The heater wire was bifilarly wound and fixed around the outside
wall of the sample cell. After the sample was loaded, the cell was
sealed and evacuated. A small mount of helium gas (0.1 MPa)
was introduced into the cell to enhance heat transfer.

The temperature difference between sample cell and inner
shield and that between the inner and outer shields were
monitored by two sets of thermocouples. Both shields were
heated under the control of a temperature controller (model
340, Lakeshore, USA) and kept at the same temperature as the
sample cell. The electrical energy introduced into the sample
cell was automatically measured by a data acquisition/switch
unit (model 34970A, Agilent). The equilibrium temperature
of the cell after the energy input was measured using the 7'/,
digit Nano Volt/Micro-Ohm meter. The energy and the
temperature data were processed online by a computer.

The heat capacity measurements were conducted using the
standard procedure of intermittently heating the sample and alter-
nately measuring the temperature. The heating rate was (0.1 to 0.4)
K-min "', and the temperature increments of the experimental points
were between (1 and 4) K. The heating duration was 10 min, and the
temperature drift rates of the sample cell, which were measured in an
equilibrium period, were kept within (10~ to 10~ *) K+min ",

The reliability of the newly constructed calorimetric system
was verified by measuring the molar heat capacities of synthetic
sapphire (0-AL,Os, Standard Reference Material 720). The
results are listed in Table 1. In order to compare the values to
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Table 3. Experimental Molar Heat Capacities (C,, ) of the
Complex from (80 to 373) K
T @

T € T @

pym ‘pym pm
K J-K'mol' K J-K'mol'® K J.K"'mol'
8223 257.6 184.6 525.9 286.4 666.5
86.90 268.7 187.6 5313 289.4 669.1
89.64 277.0 190.5 539.3 2923 671.7
92.54 284.9 193.5 544.2 295.3 676.8
95.58 294.6 196.6 550.7 298.5 681.2
98.76 3053 200.1 557.2 301.6 683.6
101.9 3137 203.3 562.1 304.6 688.1
104.9 3212 206.4 566.3 307.8 689.3
107.8 330.2 209.6 572.8 3109 696.7
110.7 339.6 2127 5773 314.1 706.3
113.8 348.0 215.8 582.3 317.0 712.9
117.0 356.4 218.7 588.8 320.1 7225
120.1 365.8 2217 5922 323.4 7317
1232 374.6 2247 598.3 326.5 744.0
1262 383.4 227.8 602.5 329.6 758.7
129.2 392.5 230.8 607.4 332.6 7722
132.1 399.7 233.9 612.8 335.7 787.5
1352 408.6 237.1 616.2 3387 804.8
138.4 415.8 240.2 621.9 3417 822.9
141.6 4242 2432 625.4 344.7 841.8
144.7 432.6 246.4 629.1 347.7 864.5
147.8 440.9 249.5 632.2 350.9 891.1
1509 4482 252.7 635.2 354.0 921.1
153.9 453.9 255.8 6382 357.1 9513
1569 460.7 2589 6422 360.2 980.6
159.9 469.1 262.0 644.7 3632 1013
162.8 478.1 265.1 6482 366.2 1049
165.9 485.5 268.1 6512 369.2 1092
169.1 493.2 2712 653.1 3722 1146
1723 499.3 2743 656.2
175.4 507.6 277.3 658.4
178.5 514.2 280.3 659.9
181.5 521.0 283.4 663.0

those recommended by NIST,"® the molar heat capacities of .-
AL, O3 over the temperature range from (80 to 400) K with an
interval of 10 K were calculated using the nonlinear insert method
and the measured molar heat capacity data. The results are shown in
Table 2. It can be seen from the table that the deviations of the
present values from the recommended values are within & 0.1 %.

In the present paper, the mass of Lu(C,HsO,N),-
Cl3:3H,0 used for the measurement was 1.2018 g, which
was equivalent to 0.00247 mol based on the molar mass M =
485.7 g-mol .

DSC and TG—DTA. A differential scanning calorimeter (DSC-
141, SETARAM, France) was used to perform the thermal
analysis of Lu(C,H;0,N),Cl;-3H,0 from (300 to 700) K at
a heating rate of 10 K-min~ ' under nitrogen. The mass of the
sample used in the experiments was 4.54 mg.

TG—DTA measurements on the sample were carried out by a
thermogravimetric analyzer (model DT-20B, Shimadzu, Japan)
over the range from (300 to 1200) K at a heating rate of
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Figure 1. Experimental molar heat capacities (C,,,) of the complex
plotted against temperature (T) from (80 to 373) K.

10 K-min~ ' under nitrogen, with flow rate of 30 mL-min~ .

The mass of the sample used in the experiment was 7.6 mg.

B RESULTS AND DISCUSSION

Molar Heat Capacities, Enthalpies, and Entropies. The
experimental molar heat capacities (Cp,m) of Lu(C,HsO,N),-
Cl;+3H,0 from (80 to 373) K are listed in Table 3 and plotted in
Figure 1. Figure 1 shows that there were no thermal events over
the temperature range from (80 to 316) K. There is an obvious
ascent of the curve from (316 to 373) K, which may have been
caused by evaporation of the water in the complex.

Over the temperature range from (82 to 316) K, the experi-
mental values of C,,, were fitted as function of the reduced
temperature (x) by least-squares fitting, and the polynomial
shown in eq 1 was obtained:

Cpym/(J-K ' +mol ") = 554.32 + 222.53x — 88.377x>
—24.005x% — 27.633x" +27.478x° + 44.042x° (1)
The reduced temperature in eq 1 is defined as

. (T/K) — 199 )
117

in which T is the experimental temperature, 199 = (Tyu +
Tmin)/2, and 117 = (Tyax — Tinin)/2, where Tyo and Ty, are
the upper and lower limits of the above temperature range [(316
and 82) K, respectively]. The correlation coefficient of the least-
squares fit was R> = 0.9999. The relative deviations between the
smoothed heat capacities and those obtained from the experi-
ment were within £ 0.1 %.

In terms of the polynomials of heat capacity and the thermo-
dynamic relationship, the thermodynamic functions [Hp —
Hyog15x) and [Sp — Syos1sx] of the complex relative to the
reference temperature 298.15 K were calculated over the tem-
perature range from (85 to 315) K with a temperature interval of
S K. The values are listed in Table 4.

DSC Analysis. It can be seen from Figure 2 that there were
two endothermic processes in the temperature range from
(300 to 700) K. The one at Ty, = (396.23 & 0.40) K was
caused by the evaporation of the water in the complex, and the
one at Ty, = (569.62 £ 0.57) K was produced by decom-
position of the complex. The results were consistent with the
values from the DTA measurements plotted in Figure 3, in
which one peak temperature was at Ty, = (397.15 £ 0.79) K
and the other was at Ty, = (568.15 & 1.13) K.
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Table 4. Thermodynamic Functions [Hy — H,gg 15x] and [St
— S508.15x] for the Complex from (85 to 315) K at a
Temperature Interval of 5 K

T Cp,m [HT - H298A15K] [ST - SZQS.ISK]
K J-K 'emol ! kJ. mol ™! J-K'emol !
85 264.4 —109.9 —591.1
90 2784 —108.6 —575.5
95 292.8 —107.1 —560.0

100 307.4 —105.6 —544.6
105 322.1 —104.0 —529.2
110 336.8 —1024 —513.8
115 3513 —100.7 —498.5
120 365.7 —98.88 —483.3
125 379.9 —97.01 —468.0
130 393.8 —95.07 —452.8
135 407.4 —93.07 —437.7
140 420.8 —91.00 —422.7
145 4337 —88.86 —407.7
150 446.4 —86.66 —392.7
185 458.8 —84.39 —377.9
160 470.8 —82.07 —363.1
165 482.6 —79.69 —3484
170 494.0 —77.24 —333.8
175 505.1 —74.75 —319.4
180 515.9 —72.19 —305.0
185 526.5 —69.59 —290.7
190 536.7 —66.93 —276.5
195 546.6 —64.22 —2624
200 556.2 —61.46 —248.5
205 565.5 —58.66 —234.6
210 5744 —55.81 —220.9
215 583.0 —5291 —207.3
220 591.3 —49.98 —193.8
225 599.1 —47.00 —180.4
230 606.5 —43.99 —167.2
235 613.6 —40.94 —154.1
240 6202 —37.85 —141.1
245 626.5 —34.73 —1282
250 632.3 —31.59 —115.5
255 637.7 —28.41 —102.9
260 642.8 —2521 —90.46
265 647.6 —21.98 —78.16
270 652.2 —18.73 —65.99
275 656.6 —15.46 —53.97
280 660.9 —12.16 —42.09
285 665.4 —8.842 —30.33
290 670.1 —5.501 —18.71
295 6753 —2.135 —7.198
298.15 678.9 0.000 0.000
300 681.2 1.259 4211
305 688.0 4.686 15.54
310 696.2 8.150 26.81
315 706.1 11.66 38.05

TG—DTA Analysis. The TG—DTA curves plotted in Figure 3
show that mass loss of Lu(C,HsO,N),Cls - 3H,0 began at about

104 L

Heat flow / wg

56962 K
154 L

396.23 K

-20 T T T T T T T T
250 300 350 400 450 500 550 600 650 700

77K
Figure 2. DSC curve of the complex over the temperature range from
(300 to 700) K.

9 1 1 1 1 1
L4
8- -
TG "o
L 2 .
74
2 2
w ~
| Lo
g ° z
w» 5=
&S 54 |- -
S DTA 2 8
= A =
1 k-4
34
L6
2 : : : . .
200 400 600 800 1000 1200

TI''K

Figure 3. TG—DTA curves of the complex over the temperature range
from (300 to 1200) K.

300 K and ended at about 1200 K. The whole process was divided
into three stages. The mechanism of the decomposition was
deduced to be the following:

(323 to 395) K 1
Lu(CZHSOZN)ZCh . 3H20 —>Lu(C2H502N)2CI3 . /ZHzo

9.0 % (9.3 %)]

1 (395 to 583) K
Lu(C2H502N)2C13 . /ZHzo - Lu(CszOZN)CI3

[17.9 % (17.1 %)]

(583 to 1100) K
Lu(C2H502N)Cl3
[33.8 % (33.7 %)]

LUZO3

B CONCLUSIONS

A new complex of lutetium hydrochloric acid coordinated
with 2-aminoacetic acid (C,HsO,N), Lu(C,HsO,N),Cl;-
3H,0, was synthesized. The molar heat capacities (C,,,,) were
measured by adiabatic calorimetry over the temperature range
from (80 to 373) K. The thermal decomposition behavior of the
complex from (300 to 1200) K was studied using TG—DTA and
DSC. The thermodynamic functions [Hy — Haog 15x] and [St —
S08.15k] for the new complex were derived over the range from
(85 to 315) K with an interval of 5 K.
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