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Abstract Several relationship models for thermodynamic functions of actinide and lanthanide compounds are built.

The descriptors such as the difference of atomic radii between metal atoms and nonmetal atoms and the molecular

mass are used in quantitative structure-activity/property relationships. The relative errors for entropy and heat capacity

are less than 20% in the majority of gaseous compounds. Similar results are obtained from solid compounds.
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1 Introduction

Actinide compounds are widely used in fields of

nuclear science and technology. Uranium and
plutonium oxides are fuel for nuclear reactor. And
Actinide compounds are often used in radioactive
sources''). Lanthanide compounds are often substitute
of actinide in research. And Gd,O; is used to
synthesize radioactive waste ceramic solidification™”],
The measurements of enthalpy in formation of
C-Sc,053 and C-Y,0; available in the literature were
reviewed by Swamy ez al.'*l. The standard enthalpies
of forming A-type R,O; (R=La-Nd), B-type R,0;
(R=Sm-Gd), and C-type R,0; (R=Tb-Lu) determined
calorimetrically were reviewed, and the value of
A-Pm,0; was estimated, by Cordfunke and Konings'™.
The enthalpies of forming C-type Pr,0;, Nd,Os,
Sm,0; and Eu,05 were measured directly by solution
calorimetry!®.. In addition, enthalpy of C—B phase
transition in Gd,O; was measured by Kolitsch™ with
differential scanning calorimetry, while corresponding

enthalpies of B—A and A—H transformations were
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determined by Barkhatov and co-workers with the use
of an adiabatic boiling calorimeter'”. The same
technique has been employed to measure the enthalpy
of C—H phase transition in Y,0;, and the heat of
fusion of C-Sc,03 and H—Y203[6].

enthalpy of a solid-state phase transition and the

Recently, the

enthalpy of fusion in Y,05 has been re-measured using
high-temperature DTA!”). Sheldon and Mulford™ have
re-measured the emissivity of U(l), and calculated the
concomitant corrections (which are appreciable) to the
earlier measurements. Evaluations from literature data
for NpO,  have been conducted by Kaszuba and
Runde®™. Ogawa et al " have given an equation for
AG(PuN, T), based on an assessment of the existing
data. Ruello ef al''"! determined heat capacity anomaly
in UO; in the vicinity of 1300 K by high resolution
X-ray and neutron powder diffraction studies.

The quantitative structure—activity (or structure-
property) relationships (QSAR or QSPR) have been
applied in chemistry and related research areas for

12]

many  decades! Thermodynamic function of

compounds is very important for research and
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industrial applications in chemistry and chemical
engineering. In recent years, many chemists have
focused on studying quantitative structure-property
relationships for compounds. While many compounds
have well-known physical and chemical properties, as
those compiled in databases of e.g. DIPPR!" there
are still many compounds with little possibility to
determine their properties.

Descriptors used in QSARs/QSPRs must encode
a variety of physical and chemical properties to build
reliable models. In this paper, we fit relationships
among entropy, heat capacity, atomic radii, and
molecular mass to obtain QSPRs. Energy of the
highest occupied orbit and the lowest unoccupied orbit

are often used as descriptors in QPSR studies !+,

[18]

Gaussian 03 w' ™ was used in this work to calculate

electronic properties of the molecules. However,
electronic properties cannot improve QSPRs to predict
thermodynamics properties. Therefore, we omit
quantum chemistry calculation in order to save

calculation cost and simplify the QSPR model.

2 Computational method

[19-22]

According to thermodynamics , entropy can

be educed by Eq.(1) from partition function and
temperature:

Vv, T
S = Nk, + Nk, In (%] +

NkBT(alnqj (1)
or ),

With known molecular mass, Eq.(2) can be
educed from n=N/N, and N k=R (where, N=1).

S=R+RIn(q(V,T))+ RT(alnq]

=RIn(q(V.T)e +RT(aln j

') e

Internal energy can be obtained from Eq.(3):

Eo Nk Tz(aél;q ] 3)
14

_R(ln(qthQrQV (

Finally, internal energy is used to obtain heat
capacity at constant volume from Eq.(4):

OE
(%), @

These are basis to calculate thermodynamic

(191 Molecular

properties for computational software
mass associates with thermodynamic properties of
compounds. In this study, atomic radii and molecular
mass were used to fit functions for thermodynamic

properties of actinide and lanthanide compounds.
3 Result and discussion

3.1 Quantitative structure-property relationships

Data of molecular mass, atomic radii, entropy and
heat capacity to fit QSPRs for thermodynamic
properties are available in references. Table 1 shows
the data to study QSPR for thermodynamic properties
of actinide and lanthanide compounds. The median
value is used, and the errors are omitted.

QSPRs for entropy and heat capacity were
obtained with Eq.(5) and Eq.(6):

1g $%508.15k. = —5.42 + 5.093 1g M — 0.806(lg M)* +
5.748Ar — 30.143 (Ar)? (5)

Ig Cpa08.15x.s = —26.16 + 19.169 1g M — 3.3(1g M)* +
14.711Ar — 60.139 (Ar) (6)

where M is molecular mass; Ar is difference between
metal atomic radii and non-metal atomic radii.

3.2 Prediction for gaseous compounds

Table 2 shows results from Eq.(5) and Eq.(6).
ReS and ReCp are errors between experimental
median and prediction. For a majority of actinide and
lanthanide compounds, the relative errors (Fig. 1) are
within 20%, which is satisfactory, as experimental
error for UF and NpF are over 50%. Meanwhile, the
equations can predict entropy and heat capacity of
several actinide and lanthanide compounds that cannot
be purified and synthesized. However, relative error
for iodides is big. It means that the model shall be
improved henceforth.
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Table 1 Properties of uranium compounds

[23-25]

Compounds M /g-mol™! ra/nm rg/nm Saog 15k /Mol K Cpaog 15k /Imol K AH pgg 15 /kJ-mol”
UF 257.0 0.156 0.071 251.8 37.9 -47.0
ucl 273.5 0.156 0.099 265.9 432 187.0
UBr 317.9 0.156 0.114 278.5 445 245.0
Ul 364.9 0.156 0.133 286.5 44.8 342.0
UF, 276.0 0.156 0.071 315.7 56.2 -540.0
ucCl, 308.9 0.156 0.099 339.1 59.9 -155.0
UBr, 397.8 0.156 0.114 359.7 61.4 -40.0
UL 491.8 0.156 0.133 376.5 61.9 103.0
UF; 295.0 0.156 0.071 3475 76.2 -1065.0
UCl, 344.4 0.156 0.099 380.3 82.4 -523.0
UBr; 477.7 0.156 0.114 403.0 85.2 -371.0
Ul 618.7 0.156 0.133 4312 86.0 -137.0
UF, 315.0 0.156 0.071 360.7 95.1 -1605.2
ucl, 379.8 0.156 0.099 409.3 103.5 -815.4
UBr, 557.6 0.156 0.114 4519 106.9 -605.6
UL, 745.6 0.156 0.133 499.1 108.8 -518.3
UFs 352.0 0.156 0.071 376.3 129.4 -2148.6
UCl, 450.7 0.156 0.099 438.0 147.2 -985.5

Table 2 Predictions of S and Cp (in J’K™"mol™") and relative error for actinide and lanthanide compounds

Experiment!> ! Prediction Relative error
Compounds M ra/nm rg/nm
S Cp S Cp ReS/% ReCp/%

UF 257.0 0.156 0.071 251.8 379 2777 48.6 10.3 28.2
ucl 273.5 0.156 0.099 265.9 43.2 271.9 39.7 2.3 -8.0
UBr 317.9 0.156 0.114 278.5 445 2922 452 49 1.7
Ul 364.9 0.156 0.133 286.5 448 2846 39.6 -0.7 -11.7
UF, 276.0 0.156 0.071 315.7 56.2  302.1 60.9 -4.3 8.3
UCl, 308.9 0.156 0.099 339.1 599 3118 56.7 -8.1 -5.4
UBr, 397.8 0.156 0.114 359.7 61.4  364.1 76.3 1.2 24.3
Ul, 491.8 0.156 0.133 376.5 619  367.7 68.3 2.3 10.4
UF; 295.0 0.156 0.071 347.5 762 3259 74.1 -6.2 2.7
UCls 344.4 0.156 0.099 380.3 824 3491 75.0 -8.2 -9.0
UBr; 477.7 0.156 0.114 403 85.2 424.5 105.1 53 233
Ul 618.7 0.156 0.133 431.2 86.0 429.2 87.4 -0.5 1.7
UF, 315.0 0.156 0.071 360.7 95.1 350.0 88.9 -3.0 -6.5
UcCl, 379.8 0.156 0.099 409.3 103.5 383.9 93.8 -6.2 9.4
UBry, 557.6 0.156 0.114 451.9 106.9 474.5 127.8 5.0 19.5
Ul, 745.6 0.156 0.133 499.1 108.8 473.6 95.6 -5.1 -12.2
UF, 352.0 0.156 0.071 376.3 129.4 3922 117.6 42 9.1
UClg 450.7 0.156 0.099 438.0 147.2 4459 129.8 1.8 -11.8
NpF 256.0 0.155 0.071 251.0 33.8  276.0 47.5 10.0 40.5
NpF, 265.0 0.155 0.071 304.0 559 2877 53.1 -54 -5.1

(To be continued in next page)
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Table 2 (Continued)

Compounds I /o rg/nm Experiment!> ") Prediction Relative error

S Cp S Cp ReS/% ReCp/%
NpCl; 343.4 0.155 0.099 362.8 78.5 346.3 73.1 -4.6 -6.8
NpF, 303.0 0.155 0.071 369.8 953  335.1 79.1 -9.4 -17.0
NpCly 378.9 0.155 0.099 423.0 105.0 380.9 91.6 -10.0 -12.8
NpFs 341.0 0.155 0.071 376.6 129.1 3794 107.9 0.7 -16.4
PuF 258.1 0.160 0.071 251.0 335 2804 51.2 11.7 52.8
PuF, 277.1 0.160 0.071 297.0 51.5 304.9 64.0 2.7 243
PuF; 296.1 0.160 0.071 336.1 72.2 328.7 77.9 2.2 7.8
PuCl, 3455 0.160 0.099 368.6 785 3573 81.0 3.1 33
PuBr; 478.8 0.160 0.114 423.0 81.5 4375 115.0 3.4 41.1
PuF, 315.1 0.160 0.071 359.0 924  351.7 92.5 -2.0 0.1
PuCl, 381.2 0.160 0.099 409.0 103.4  393.0 101.4 -39 -1.9
PuFq 353.1 0.160 0.071 368.9 129.3 3952 123.2 7.1 -4.7
AmF; 300.1 0.174 0.071 330.4 72.2 333.2 89.6 0.8 24.1
AmF, 319.1 0.174 0.071 154.1 — 356.0 106.0 131.0 —
LaF; 195.9 0.274 0.057 321.9 7277 703 6.3 -78.2 -91.3
LaBr; 378.6 0.274 0.112 383.7 80.0 3114 135.2 -18.8 68.9
Lal; 519.6 0.274 0.132 412.8 81.6 4734 272.9 14.7 234.5
LaS 171.0 0.274 0.109 256.6 344 115.2 9.5 -55.1 -72.3
LaSe 217.9 0.274 0.255 263.0 35.7 151.4 7.5 -42.4 -78.9
LaTe 266.5 0.274 0.142 270.8 36.2  266.1 65.3 -1.7 80.4
PrF; 197.9 0.267 0.057 339.4 724 80.0 7.8 -76.4 -89.2
PrCls 2473 0.267 0.097 374.0 784  181.2 37.8 -51.5 -51.8
PrBr; 380.6 0.267 0.112 401.2 80.0 3327 146.7 -17.1 83.3
Prl; 521.6 0.267 0.132 430.9 81.6 495.0 282.9 149 246.9
NdF; 201.2 0.264 0.057 115.5 72.2 85.8 9.0 -25.7 -87.5
NdCl; 250.6 0.264 0.097 144.0 78.3  190.0 41.1 32.0 -47.5
NdBr; 384.0 0.264 0.112 215.1 80.2 3437 153.3 59.8 91.3
Ndl; 525.0 0.264 0.132 430.6 81.6 5052 287.8 17.3 252.7
NdS 176.3 0.264 0.109 264.7 343 1319 12.1 -50.2 -64.7
SmF; 207.4 0.259 0.057 335.1 73.6 96.4 11.4 -71.2 -84.6
SmCl, 221.3 0.259 0.097 315.6 51.6 170.2 28.1 -46.1 -45.5
SmS 182.4 0.259 0.109 267.8 343 1442 14.6 -46.1 -57.4
SmSe 2293 0.259 0.255 278.4 352 136.0 5.7 -51.2 -83.7
EuF; 209.0 0.256 0.057 328.4 81.5 101.8 12.5 -69.0 -84.7
EuBr, 311.8 0.256 0.112 337.3 60.7 2959 98.2 -12.3 61.9
EuS 184.0 0.256 0.109 272.1 35.1 149.3 15.5 -45.1 -55.8
GdCl, 263.6 0.254 0.097 371.5 78.2 221.5 54.1 -40.4 -30.8
GdBr; 397.0 0.254 0.112 398.9 79.9  380.6 175.9 -4.6 120.1
Gdl; 538.0 0.254 0.132 427.6 81.5 537.0 300.1 25.6 268.3
TbF; 2159 0.251 0.057 339.8 71.5 1141 15.7 -66.4 -78.1
DyF; 219.5 0.249 0.057 341.1 713 119.8 17.3 -64.9 =757
DyCl; 268.9 0.249 0.097 379.9 78.2 236.2 60.2 -37.8 -23.0
DyBr; 402.2 0.249 0.112 404.1 79.9 397.2 184.9 -1.7 131.4
Dyl 543.2 0.249 0.132 4325 81.5 5497 302.3 27.1 270.9
HoF; 221.9 0.247 0.057 3423 71.2 124.9 18.8 -63.5 -73.7

(To be continued in next page)
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Table 2 (Continued)

Experiment!> " Prediction Relative error
Compounds M r4/nm rg/nm
S Cp S Cp ReS/% ReCp/%
HoCl; 271.3 0.247 0.097 363.6 782 2425 62.9 -33.3 -19.5
ErF; 224.3 0.245 0.057 340.1 71.0 1299 20.2 -61.8 -71.5
ErCl; 273.6 0.245 0.097 363.6 78.1  248.6 65.6 -31.6 -16.1
ErBr; 407.0 0.245 0.112 403.5 79.8 410.3 191.9 1.7 140.4
Erl3 548.0 0.245 0.132 431.6 81.5 559.1 302.7 29.5 271.7
TmF; 225.9 0.242 0.057 339.4 709  136.2 21.9 -59.9 -69.1
TmCl; 275.3 0.242 0.097 364.6 78.1 2557 68.2 -29.9 -12.7
TmBr; 408.6 0.242 0.112 401.2 79.8  418.0 194.9 4.2 144.2
Tml; 549.6 0.242 0.132 429.8 814  564.0 301.0 31.2 269.7
YbF; 230.0 0.24 0.057 326.8 70.8 142.9 24.2 -56.3 -65.8
YbCl; 279.4 0.24 0.097 370.0 78.1  263.7 72.2 -28.7 -7.6
LuF; 232.0 0.225 0.057 3154 70.6  170.7 31.1 -45.9 -56.0
LuCly 281.3 0.225 0.097 3525 78.1  288.9 77.8 -18.0 -0.3
30 20
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Fig.1 Distribution of relative error for prediction of ReS (entropy) and ReCp (heat capacity).

3.3 Prediction for solid compounds

QSPRs for thermodynamic properties of solid
actinide and lanthanide compounds were educed from
cerium compounds according to the above method,
and Eq.(7) and Eq.(8) were obtained.

12 Shog.15k.5 =—5.985 + 5.45 1g M — 0.899(Ig M)’ +

1.095Ar — 3.583 (Ar)° (7

30

Frequency
N
o

-
o

Std, Dev = 2631
Mean =85
N= 110

1g Cpaos.isk.s =—4.656 +3.509 Ig M — 0.551(1g M)*+
14.475Ar — 38.702 (Ar) ®)
Thermodynamic properties of solid actinide and
lanthanide compounds are predicted and relative errors
for most actinide and lanthanide compounds are within
20%, too (Fig. 2).

30

N
o

Frequency

-
o

Std. Dev = 3058
Mean = -10.5
N= 108

Fig. 2 Distribution of relative error for prediction of ReS (entropy) and ReCp (heat capacity).
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Table 3 Properties of cerium compounds®!

Compounds M/ g-rnol'l ry/ nm rg/ nm Shos.15x /T-mol K Cpaos.isk /J-mol K
CeH, 142.1 0.27 0.079 55.8 40.9
CeF; 197.1 0.27 0.057 115.3 85.3
CeCly 246.5 0.27 0.097 149.8 95.9
CeBr; 379.8 0.27 0.112 182.0 101.7
Cel; 520.8 0.27 0.132 214.6 102.5
Ce,04 328.2 0.27 0.065 150.6 109.8
CeO, 7, 167.6 0.27 0.065 69.0 55.8
CeO, 172.1 0.27 0.065 62.3 61.5
CeS 172.2 0.27 0.109 78.2 50.0
CesSy 548.6 0.27 0.109 255.2 180.0
Ce,S; 376.4 0.27 0.109 180.3 128.7
CeTe 267.7 0.27 0.142 97.9 36.1
CeN 154.2 0.27 0.075 444 40.4
Ce,C; 316.3 0.27 0.091 173.6 103.3
CeC, 164.1 0.27 0.091 90.0 61.0
CeSi 168.2 0.27 0.146 100.8 69.8
CeBg 205.0 0.27 0.117 74.1 103.3

4 Conclusion

In this paper, the quantitative structure- property
relationships for thermodynamic properties are given.
The relationships for entropy and heat capacity for
actinide and lanthanide compounds only depend on
two parameters: atomic radii and molecular mass.
Comparing experimental results, the relative error for
majority of predicted results for actinide and
lanthanide compounds is not more than 20%, which is

satisfactory.
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