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Abstract: The thermodynamic properties for some metal-containing( Cu, Fe, Pb, Cr, Sn, Ge) diatomic molecules

were studied by density functional theory ( DFT) method at B3LYP/6-311G(d,p) and B3LYP/SDD levels and statistical

mechanical method based on Morse potential in 300K-5000K. Results show that the heat capacity and entropy obtained

CuO, CuCl, FeO and CrO diatomic molecules are in a good agreement with reference data with the deviation of no more

than 0.7(J - K™' - mol”~

comparison with the reference data.

"), and the entropy variations for GeX, SnX and PbX (X = S, Se, Te) are less than 0.75% in
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1 Introduction

The thermodynamic properties, such as the entropy
and heat capacity, are the essential properties of com-
pound. They are useful to describe processes that involve
changes in temperature and transformation of energy and
they are also important in aeronautics and space, astro-

physical work, metallurgy, chemical engineering and

ceramic industry' " .

The thermodynamic properties of compound have

[2-4

been studied for many years , however many experi-

ments only reported about the nonmetallic compounds at

-6]

solid state'’ or in solution'”’ at low temperature. Re-

cently many researchers have investigated the metallic

-12]

molecules"® But some of those results just provide

the theoretical molecules spectroscopic information' "’ .

Moreover, the Hartree-Fock self-consistent theory,
emiempirical molecular orbital technique''’ and the DFT
treat the molecules approximately and there is an error of
thermodynamic properties to the realistic state of the
molecules although they may yield good experimental

correlations for equilibrium bond lengths, frequencies and
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optimized structure. However, it is difficult to calculate
the thermodynamic properties of the metal-containing
molecules accurately for high nuclear mass and the
This

paper calculated the thermodynamic properties for some

complex electronic structure of the metal atomic.

metal-containing diatomic molecules ( some of them are
the catalyst in solid rocket propellants) by using more
realistic Morse potential approach in temperature range of

300 K to 5000 K.
2 Methodology and computational details

All calculations were performed with the Gaussian 03

software package " .

All optimizations, frequency calcu-
lations, and potential were performed using DFT, with
Becke's three-parameter B3LYP functional. The molecu-
lar orbitals were expanded in a triple-{ 6-311G basis aug-
mented with single first d and p polarization functions for
nonmetal atoms and lanl2dz basis set for metal atoms
combined with relativ effective core potential( ECP) .
Diatomic molecules are treated as the harmonic mod-
el in Gaussian 03 approach, and it can not represent the
real state of the molecules in high temperature. Mean-
while it is time consuming to calculate the thermodynamic
properties for the metal-containing molecules. Therefore,
we treated the diatomic molecules as the anharmonic mod-

el by using Morse potential approximation, and calculated
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the thermodynamic properties of diatomic molecules based
on Morse potential.

Generally, the feature of the ground state of all sys-
tems looks like an anharmonic model, thus the potential
energy curves of diatoms molecules can be approached by

6]

. 1
Morse function' , such as

V(R) = D_[1-e 7> 4V, a = Iz%r (1)

Where D_ is the depth of the potential, k£ is the bond
force constant, R is the distance between the nuclei of

bonded atoms, R, is the equilibrium internuclear dis-

tance. V, is the shift potential constant and is often cho-
sen to be null.
The eigenvalues of Morse potential is :
E(n) = (n+0.5)w-(n+0.5) .0, (2)
Where w, is the harmonic vibrational frequency and y, w,

is the anharmonic constant, and

a*h ho,

Xe = 2uw, - 4D, (3)

In addition, the atoms of rotating molecules are sub-
ject to centrifugal forces that tend to distort the molecular
geometry and change the moments of inertia. For a dia-
tomic molecule, the centrifugal distortion stretches the
bond, and therefore increases the moment of inertia, the
energy levels are less far apart than the rigid-rotor. So the
rotational energy'®’ is expressed as (4):

E(J) = BJ(J+1)4BF(J+1)/w.  (4)
Where J is the rotational quantum number, B is the rota-
tional constant.

Ignoring the contribution from the electronic excita-
tion energy to the thermodynamic properties while they
are in ground state, the entropy and heat capacity from
vibrational , rotational and translational motion were cal-
culated. Here the statistical mechanical methods with
partition functions( (5) ~ (7)) was used to calculate the

thermodynamic properties of the molecules' '’ |

n

q, = Ze—b’(z’)/(l\-T) (5)

=0

q, = ILmszTFkBT (6)

h p

g = yge g =201 (T)
i=0

Where k, is the Bolizmann constant and h is the Plank

constant. p is the standard pressure; g is the degenera-
tion of the rotation; ¢, ,q,, and ¢, are the partition func-
tion of vibrational , translational and rotational , respective-
ly; E,, is the total energy; E (i) is the Morse potential

energy or rotational energy :

E = %2 E(i)e "0/UD (8)
i=1
The heat capacity was calculated as:
oK oE,  oE, OFE,
C"’l_ﬁ_c'+c"+c'_6T+ﬁ+8T (9)

and the entropy was evaluated as follows;
Sau =S +S +5 +8S, =

tol

dlng,
) +
Jat

R(lng, + 1) + Rlng, (10)

These equations was easily implemented into a simple

R(lng, + %) + R(Ing, + T(

Fortran routine to calculate the thermodynamic properties

of the molecules.
3 Results and discussion

The ground electronic state of the CuO, CuCl, FeO
and CrO diatomic systems was caxulated with DFT method
at B3LYP/6-311G(d,p) level to get the spectros-copic
constants and the thermodynamic prope-rties. The ther-
modynamic properties for the GeX, SnX and PbX (X =
S, Se, Te) with the experimental spectroscopic constants
was also caculated.

Figure 1 presents the heat capacity of CrO diatomic
potential approach,

molecules calculated by Morse

B3LYP/6-311G(d,p) model and ECP method. The re-
sults from Morse potential are in a good agreement with
the results from Reference [ 1], and results between
Morse potential approach and B3LYP/6-311G (d, p)
model is in good consistent, and the variations are no
more than 0.7 J - K™' - mol ™" of CuCl at 2000 K and
0.5]-K " -mol™" of CrO at 3000 K in comparison
with reference data.

Table 1 — 2 list the heat capacity and entropy of
GeO, SnO, PbO and CuO. Obviously, almost all the de-
viations of heat capacity obtained from Morse potential ap-
proach, harmonic oscillator model and DFT model are
less 1% in comparion with the results of Reference [ 1],

and the deviations of entropy are no more than 0. 6% .
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From results of the heat capacity and entropy for GeX,
SnX and PbX (X = S, Se, Te), it is found that the devi-

ations of entropy are less than 0.75% .
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Fig.1 Comparison of heat capacity of CrO

calculated by different methods,
the number 1116 are the frequencies calculated

by DFT at B3LYP/6-311G(d,p) level

4 Conclusions

In this paper, Morse potential approach was presented

to treat the diatomic molecules as the anharmonic oscillator
to evaluate the heat capacity and entropy of CuO, CuCl,
FeO, CrO, as well as GeX, SnX and PbX(X =0, S, Se,
Te) molecules. The results show that the Morse potential
approach can be used to predict the thermodynamic prop-
erties for diatomic molecules in 300 — 2000 K ( even at
5000 K). The results obtained from the Morse potential
approach are in a good agreement with references for CuO,
CuCl, FeO and CrO diatomic molecules with the deviation
no more than 0.7 J - K™' - mol ™", and for the entropy of
GeO, SnO, CuO and PbO, the deviation is less than
0.6% . In addition, the deviations of heat capacity and
entropy of GeX, SnX and PbX (X = S, Se, Te) are with-
in 0.75% . It is shown that the presented Morse potential
approach is an efficient and accurate approach to calculate
the heat capacity and entropy of the diatomic molecules in
a large temperature range using the parameters of w,,

x.w., or D, B_of the diatomic molecules.

Table 1 The heat capacity of the Cu, Sn and Pb oxides'
K CuO SnO PbO
Mor.?  Harm.®’  DFT*  Ref.[1] Mor.?>  Harm.®  DFT"  Ref.[1] Mor.?  Harm.®’  DFT*  Ref.[1]

300 30.85 30.78 30.76 31.00 31.85 31.76 32.10 31.60 32.54 32.44 32.51 32.5
400 32.4 32.30 32.28 33.74 33.47 33.36 33.67 33.45 34.11 33.99 34.05 34.12
500 33.64 33.53 33.51 35.01 34.59 34.46 34.73 34.37 35.13 34.98 35.02 35.15
600 34.56 34.43 34.41 35.71 35.36 35.21 35.42 34.90 35.80 35.62 35.67 35.82
700 35.22 35.07 35.06 36.12 35.89 35.72 35.89 35.27 36.25 36.05 36.08 36.28
800 35.71 35.54 35.53 36.39 36.27 36.07 36.21 35.55 36.57 36.34 36.37 35.61
900 36.08 35.89 35.88 36.58 36.56 36.33 36.45 35.77 36.81 36.55 36.57 36.85
1000 36.36 36.15 36. 14 36.71 36.78 36.53 36.62 35.96 36.99 36.71 36.73 37.04
1100 36.58 36.35 36.35 36.81 36.94 36.67 36.75 36.12 37.14 36.82 36.84 37.19
1200 36.76 36.51 36.51 36.88 37.08 36.78 36.85 36.27 37.26 36.92 36.93 37.32
1300 36.91 36.64 36.63 36.94 37.19 36.87 36.93 36.42 37.36 36.99 37.00 37.42
1400 37.03 36.74 36.74 36.99 37.29 36.95 37.00 36.55 37.45 37.04 37.05 37.51
1500 37.13 36.82 36.82 37.02 37.38 37.00 37.05 36.68 37.53 37.09 37.10 37.59
1600 37.22 36.89 36.89 37.05 37.45 37.05 37.09 36.80 37.6 37.13 37.14 37.66
1700 37.30 36.95 36.94 37.08 37.52 37.09 37.13 36.92 37.66 37.16 37.17 37.7
1800 37.37 37.00 37.00 37.10 37.58 37.13 37.16 37.04 37.72 37.19 37.20 37.79
1900 37.44 37.04 37.04 37.12 37.63 37.16 37.18 37.16 37.78 37.21 37.22 37.84
2000 37.50 37.05 37.01 37.13 37.69 37.18 37.21 37.27 37.83 37.23 37.23 37.90
3000 38.04 37.35 37.34 - 37.68 37.32 37.32 - 37.71 37.33 37.33 -
4000 38.35 37.38 37.38 - 37.86 37.36 37.36 - 37.89 37.37 37.37 -
5000 38.68 37.39 37.39 - 38.02 37.38 37.38 - 38. 05 37.39 37.38 -

Note: 1) Heat capacity in units of (J - K -1

- mol ~'). 2)The Morse model in Fortran routine. 3)The harmonic oscillator model in Fortran routine. 4) At

the B3LYP/6-311G(d,p) level for CuO and B3LYP/SDD for SnO and PbO. The experimental parameters (such as w,,y,»,.,B,) obtained form

reference [ 12 ] while calculating in Fortran routine.
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Table 2 The entropy of the Cu, Ge and Pb oxides"
K CuO GeO PhO
Mor.?’  Harm.®  DFTY  Ref.[1] Mor.?)  Harm.’ DFTY  Ref.[1] Mor.”  Harm.”  DFT"  Ref. [1]

300 230.3 230.2 230.1 234.8 224.2 224.2 224.2 224.5 240.2 240.2 240.1 240.2
400 240.0 239.9 239.8 245.2 233.3 233.3 233.3 233.8 249.8 249.8 249.7 249.8
500 247.8 247.7 247.5 253.4 240.7 240.6 240.6 241.5 257.5 257.5 257.4 257.8
600 254.3 254.2 254.0 260.1 246.9 246.9 246.8 248.0 264.0 263.9 263.9 264.0
700 259.9 259.8 259.6 265.9 252.3 252.2 252.2 253.5 269.5 269.5 269.4 269.6
800 264.7 264.6 264.4 270.9 257.0 256.9 256.9 258.8 274.4 274.3 274.3 274.5
900 269.1 269.0 268.7 275.3 261.2 261.2 261.1 262.6 278.7 278.6 278.6 278.8
1000 273.0 272.8 272.6 279.3 265.0 265.0 264.9 266.5 282.6 282.5 282.4 282.7
1100 276.5 276.4 276.1 282.9 268.5 268.4 268.3 270.0 286.1 286.0 285.9 286.2
1200 279.8 279.6 279.3 286.2 271.7 271.6 271.5 273.2 289.3 289.2 289.1 289.5
1300 282.8 282.6 282.3 289.2 274.6 274.5 274.4 276.2 292.3 292.2 292.1 292.5
1400 285.5 285.3 285.0 292 277.3 277.3 277.2 278.9 295.0 294.9 294.8 295.2
1500 288.1 287.9 287.6 294.6 279.9 279.8 279.17 281.5 297.6 297.5 297.4 297.8
1600 290.6 290.3 290.0 297.1 282.3 282.2 282.1 283.9 300.0 299.9 299.8 300.3
1700 292.8 292.6 292.3 299.4 284.5 284.4 284.3 286.1 302.3 302.2 302.0 302.5
1800 295.0 294.8 294.4 301.6 286.6 286.5 286.4 288.2 304.4 304.3 304.2 304.6
1900 297.1 296.8 296.4 303.7 288.7 288.6 288.4 290.2 306.5 306.3 305.8 306.7
2000 299 298.7 298.3 305.6 290.6 290.5 290.3 292.1 308.4 308.2 308.1 308.7
3000 308.1 308.1 313.4 - 305.4 305.4 323.2 - 323.3 323.3 306.7 -
4000 318.9 318.9 324.2 - 316.2 316.2 333.9 - 334.1 334.1 317.4 -
5000 327.2 327.2 332.5 - 324.5 324.5 342.3 - 342 .4 342.4 325.8 -

Note: 1) Entropy in units of (J + K '

- mol~"). 2)The Morse model in Fortran routine. 3 ) The harmonic oscillator model in Fortran routine. 4)B3LYP/

6-311G(d,p) level for CuO and B3LYP/SDD for GeO and PbO. The experimental parameters (such as w,,y,w,.,B,) obtained form reference

[12] while calculating in Fortran routine.
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Molecular Dynamics Simulation of Plasticizer Diffusion

LI Hong-xia, QIANG Hong-fu, WANG Guang, WU Wen-ming
( The Second Artillery Engineering Institute, Xi'an 710025, China)

Abstract: To overcome the disadvantage of experimental methods, plasticizer diffusion in the bond system of hydroxyl terminated
polybutadiene ( HTPB) propellant was simulated by the molecular dynamics (MD) method. The molecular models of plasticizer and
the bond system were constructed in the software of Materials Studio 4.3. The mixture system performed geometry optimization was
simulated under the condensed-phase optimized molecular potentials for atomistic simulation studies ( COMPASS) force field. The
mean square displaces of plasticizer in the bond system were obtained by statistical average. The plasticizer diffusion was obtained by
Einstein equation. The diffusion coefficients (10™* ¢m® + s™') of dioctyl sebacate ( DOS) are respectively 0. 0010, 0. 0020,
0.0025,0.0031,0.0043 at the temperature of 273,298 ,310,323,348 K; and are respectively 0.0025,0.0020,0.0018,0.0015 at
the content of 23% ,37. 5% ,47% ,60% . The results show that the diffusion coefficients gradually increase with increasing of

environmental temperature and decrease a little with increasing of the DOS content.

Key words: physical chemistry; molecular dynamics simulation; plasticizer; bond system; diffusion
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