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ABSTRACT: The calculations of density functional theory at the B3LYP/3-21G* level have been employed to
optimize the 1,3,5-triamino-2,4,6-trinitrobenzene (TATB).--CH,F, complex. The complex binding energy is
corrected for the basis set superposition error. In addition, the interactions of TATB with «<CUV—CXY-; (U, V, X,
Y=H.U=F,V, X, Y=H. U, V=F; X, Y=H. U, V,X=F, Y=H. U, V, X, Y=F. U, V, X=F; Y =Cl) have been
studied with the MO-PM3 method, and the complex binding energy with approximation of electron correlation
correction by the dispersion energy has been given. The results computed indicate that the greatest corrected binding
energy of TATB and CH,F, is —4.62kJ mol™"' at the B3LYP/6-311G*//B3LYP/3-21G* level. The interactions of
—CF,—CH,-); with TATB and of CF,—CFH-); with TATB are stronger than those of CUV—CXY-; (U, V,
X, Y=H.U=F;V,X,Y=H.U,V,X,Y=F. U, V,X=F,; Y =Cl) with TATB (n = 5). Copyright © 2001 John Wiley
& Sons, Ltd.
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INTRODUCTION

Since the first formulation of polymer-bonded explosive
(PBX-9205) in 1947, the PBXs have been widely used in
many fields, such as missiles, aviation, mineral exploration,
etc.'™ One of the key techniques of PBX development is
how to acquire polymers that have a strong interaction with
the pure explosive. In general, the interactions among the
PBX components are determined experimentally by the
measurements of mechanical properties, interface proper-
ties, etc.,* and are explained using acid—base theory,
diffusion theory, and interfacial theory.6’7 However, these
theories are dependent on experiments or are qualitative.

In the last several decades, important progress in the
investigation of intermolecular interactions using quan-
tum-chemical methods has been made.*'* The intermol-
ecular interaction plays a significant role in the
development of PBX formulations,*>'> and, in view of
this, molecular dynamical and quantum-chemical
methods have recently been employed to investigate the
interactions.'¢~'®

Sofar 1,3,5-triamino-2,4,6-trinitrobenzene (TATB) has

*Correspondence to: J. Xiao, Department of Chemistry, Nanjing
University of Science and Technology, Nanjing 210094, People’s
Republic of China.
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been the sole pure insensitive high explosive.'” The
research of TATB-based PBXs is important to satisfy the
demands of safety. Usually, fluorine-containing polymers
areusedtobond TATB'because they have the advantages
of large density, good stability, and so forth. Although there
are some studies on the intermolecular interaction of
fluorine-containing systems,’*?! no quantum-chemical
investigation on the interaction between TATB and
fluorine-containing polymers has been reported. In this
paper we employ the B3LYP*? and MO-PM3?* methods to
study the TATB---CH,F, complex and the TATB---
+CUV—CXY); (U, V, X, Y=H.U=F;V, X, Y=H.
U, V=F,X,Y=H U, V,X=F,Y=H. U, V, X, Y=F.
U, V, X=F; Y =ClI) complexes respectively. Optimized
geometries, electronic structures, and binding energies
have been obtained. Additionally, we have tried to shed
some light on the design of PBX formulations.

COMPUTATIONAL METHODS

Geometrical optimizations and electronic struc-
tural calculations

The full geometry optimizations of TATB and of CH,F,
are performed at the B3LYP/3-21G* level. Since the full
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Figure 1. The structures of TATB + CH,F, created by the Chem3D software

geometry optimizations of the TATB. - -CH,F, complex
are expensive, in this paper we treat TATB and CH,F,
with rigid model.?* The intermolecular coordinates of the
possible stable structures of the TATB- - -CH,F, complex
acquired with Chem3D software,25 which are shown in
Fig. 1, are optimized at the B3ALYP/3-21G* level. For the
TATB: - - ~CUV—CXY-); systems we adopt the semi-
empirical MO-PM3 method. All the MO-PM3 calcula-
tions for the TATB- - - (—~CUV—CXY-); complexes are
performed on the possible stable structures created by
the Chem3D software (for brevity, the complex
structures created are not given). The end groups of
linear (~CUV—CXY—); are considered as H atoms, and
the chain grows in head-to-tail orientation. Natural bond
orbital analyses”® on the optimized structures of the
TATB- - -CH,F, complex are carried out at the B3LYP/3-
21G* level.

Calculation of intermolecular interaction energy

The intermolecular interaction energy AE of the complex
is evaluated as the sum of the self-consistent field (SCF)
interaction energy AES“F and the correlation interaction
energy AESCR** For the B3LYP calculations, AE is
determined as the difference between the total energy of
the complex and the sum of the total energies of the
isolated molecules, and is corrected for basis set super-
position error (BSSE)*’ with the Boys—Bernardi meth-
od.® For the MO-PM3 calculation, AE>“F is calculated by

Copyright © 2001 John Wiley & Sons, Ltd.

AE™3 and AEC®R is approximated by the dispersion
energy AE®.*® Then the intermolecular interaction
energy of the complex is evaluated approximately as

AE = AE™3 1 AEP (1)
A B

AEP ==Y "N " CiR; S (2)
i

Summation over i and j is carried out over all the atoms of
subsystems A and B; r;; is the distance between atoms i
and j, Cj; is a coefficient equal to the geometrical mean of
C;; and Cj;. The values of C;; (kJ mol A% for C,H, N, O,
F and CI are 2254.2, 103.8, 1510.5, 882.1, 511.4 and
7033.5 respectively.24

All calculations were carried out with the Gaussian 94
program?’ implemented on a PII personal computer using
the default Gaussian convergence criteria.

RESULTS AND DISCUSSIONS
Interaction of TATB with CH,F,

Table 1 gives the fully optimized geometrical parameters
of TATB and of CH,F, at the B3LYP/3-21G* level.
From Table 1 we can see that TATB is practically a
planar molecule. At the B3LYP/3-21G* level we obtain
three optimized structures (I-III, see Fig. 2) for the
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Table 1. The fully optimized geometrical parameters of TATB and of CH,F, at the B3LYP/3-21G* level (bond length #/nm;

dihedral angle 6/degrees)

TATB molecule

CH,F, molecule

rp_1 = 0.1441 913_7_1_2 =-0.06 918—1 1-5-6 = 0.00 623—12—6—1 =0.02 1= 0.1392

rp_1 = 0.1323 914,7,1,2 =179.97 919787271 =0.1 0247127671 =-—179.99 Fga_1 = 0.1094

rg_ o= 0.1416 91579734 =179.96 920—8—2—1 =—179.88 94,1,2,3 =-119.39
7= 01033 916*9*3*4 e —002 921,10#3 = 002 95,1,2,3 = 11939
r1o_g =0.1314 917—11—5—6= 180.00 922_10_4_3 =-—179.98

TATB- - -CH,F, complex (structures M1, M4 and M5
converge on I, and M2 and M3 converge on II and III
respectively).

Table 2 lists the calculated total energy E and the
intermolecular interaction energy by the B3LYP method
with 3-21G*, 4-31G*, 6-31G* and 6-311G* basis sets,
where AEc is the AE corrected for the BSSE. By
comparing AEc with AE (see Table 2) we find that the
smaller the basis set, the larger is the BSSE; hence the
BSSE correction is important to the accurate calculation
of the complex binding energy with the B3LYP method.
For structures I, II and III the values of —AE( are in the
order I ~III >II at the B3LYP/3-21G* level, are very
close at the B3LYP/4-31G*//B3LYP/3-21G* level, and
are in the order I > III > II at both the B3LYP/6-31G*//
B3LYP/3-21G* and the B3LYP/6-311G*//B3LYP/3-
21G* levels. At the B3LYP/6-311G*//B3LYP/3-21G*
level the greatest corrected binding energy of TATB and
CH,F, is —4.62 kI mol .

The values of charge transfer from TATB to CH,F, are
—0.015¢, —0.038¢ and 0.028e for structures I, II and III
respectively from the natural bond orbital (NBO)
analysis. The calculated occupancies of NBOs at the
B3LYP/3-21G* level are displayed in Table 3. Compared
with the isolated TATB and the isolated CH,F,, for
structure I the occupancy of the N(9)—H(16) antibond
increases by 0.014 (see Table 3), the occupancy of lone
pair (2) of the F(3) atom decreases by 0.014, and the
occupancies of other NBOs have smaller changes.
Considering the optimized structure I, it can be concluded
that the charge transfer between subsystems in I arises
chiefly between the N(9)—H(16) antibond and the lone
pair of the F(3) atom. Similar analyses show that there
exists in II a charge transfer between the N(11)—H(18)
antibond and the lone pair of the F(2) atom and between
the N(11)—H(17) antibond and the F(3) lone pair, and in
III chiefly between the O(19) lone pair and the C(1)—
H(5) antibond.

Interactions of TATB with CUV—CXY-);,

Interactions of TATB with 4CF,—CH,);(n=1, 2,3,
4, 5). (CF,—CHy>; is a polymer. It is difficult to
calculate the interaction between TATB and a polymer
with quantum-chemical methods at present. Thus we

Copyright © 2001 John Wiley & Sons, Ltd.

om)\/ oz

N(S)

H(15)
H(13)

INHI

02132 (3

H(16)

H(14) ool E(S)

H(H
oy o

(1) / 0.2326mm
e

|

022)

—

H3) H(S)

\N(x! /
il H(d)
N(i1y \ oy
HO$)

F(2)
\ R(12) pom—————24)
H(14) /
08

I

9.213%um

oizn H(16)
[e523) \

—— NL0) ——— H1LS)

B

£03)
[a1p10)
H7 0

\N(ll)

H3y

o

* 9.2506um

N(RJ\ HEs
O(19) - 0.2247am

NP W L)

F(2)

024y N(D
——

H(14)

0{23)

m

Figure 2. The optimized structures of the TATB and CH,F,
complex
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Table 2. Total energies, intermolecular interaction energies and dipole moments (1 hartree = 2625.50 kJ mol™")

E AE AEc Dipole moment

Level (kJ mol™ Y (kJ mol 1) (kJ mol ™1 (D)
B3LYP/3-21G* TATB —2641826.80 0.00

CH,F, —624007.42 1.94

I —3265871.79 —37.57 —4.53 1.90

II —3265872.09 —37.87 —1.98 3.34

I —3265864.92 -30.70 —4.59 3.04
B3LYP/4-31G*//B3LYP/3-21G* I —3280816.94 —18.95 —2.82 1.82

II —3280815.97 —17.98 —2.83 3.13

I —3280811.16 —13.18 —2.72 2.76
B3LYP/6-31G*//B3LYP/3-21G* I —3283934.94 —16.43 —3.23 1.83

II —3283932.94 —14.43 —2.63 3.12

I —3283929.50 —10.98 —2.85 2.74
B3LYP/6-311G*//B3LYP/3-21G* I —3284804.73 —14.72 —4.62 1.95

II —3284797.53 —7.52 —3.46 3.24

I —3284801.77 —11.76 —4.28 2.95
have to choose a model to simulate the linear polymer. tell us that the binding energy remains nearly unchanged
Selecting this kind of model is possible and reliable while n increases to a certain number. We adopt a binding
because the chemical intuition and the calculated result energy gap of 3 kJ mol~' between the adjacent n as our

Table 3. Occupancies of selected NBOs at the B3LYP/3-21G* level

Occupancy Occupancy

TATB NBO Isolated I I I CH,F,NBO Isolated I I I

C(2)—N(8) bond 1.727 1.727 1.731 1.738 C(1)—F(2) bond 1.996 1.996 1.995 1.996
C(3)—N(9) bond 1.963 1.961 1.964 1.963 C(1)—F(3) bond 1.996 1.995 1.995 1.996
C(4)—N(10) bond 1.727 1.735 1.728 - C(1)—H(4) bond 1.996 1.995 1.996 1.996
C(5)—N(11) bond 1.963 1.963 1.961 1.963 C(1)—H(5) bond 1.996 1.995 1.996 1.996
N(8)—0O(19) bond 1.994 1.994 1.994 1.993 F(2) lone pair(1) 1.994 1.994 1.988 1.994
N(8)—0(20) bond 1.994 1.994 1.994 1.994 F(2) lone pair(2) 1.966 1.968 1.968 1.968
N(9)—H(15) bond 1.987 1.986 1.987 1.987 F(2) lone pair(3) 1.918 1.917 1.912 1.919
N(9)—H(16) bond 1.987 1.986 1.987 1.987 F(3) lone pair(1) 1.994 1.990 1.988 1.994
N(10)—0O(21) bond 1.994 1.994 1.994 1.994 F(3) lone pair(2) 1.966 1.952 1.968 1.968
N(10)—0(22) bond 1.994 1.994 1.994 1.994 F(3) lone pair(3) 1.918 1.923 1.912 1.920

N(11)—H(17) bond 1.987 1.987 1.986 1.987 C(1)—F(2) antibond 0.072  0.068 0.070  0.076
N(11)—H(18) bond 1.987 1.987 1.986 1.987 C(1)—F(3) antibond 0.072  0.075 0.070  0.073

O(19) lone pair(1) 1.973 1.973 1.973 1.964 C(1)—H(4) antibond 0.039 0.042 0.037 0.040
0(19) lone pair(2) 1.854 1.854 1.854 1.853 C(1)—H(5) antibond 0.039 0.038 0.037 0.050
0(20) lone pair(1) 1.973 1.973 1.973 1.969
0(20) lone pair(2) 1.854 1.855 1.854 1.855
O(21) lone pair(1) 1.973 1.966 1.973 1.973
O(21) lone pair(2) 1.854 1.859 1.854 1.854
0(22) lone pair(1) 1.973 1.973 1.973 1.973
0(22) lone pair(2) 1.854 1.854 1.855 1.854

C(2)—N(8) antibond 0.779 0.779 0.776 0.761
C(3)—C(4) antibond 0.027 0.027 0.027 0.026
C(3)—N(9) antibond 0.459 0.445 0.462 0.455
C(4)—N(10) antibond  0.779 0.768 0.779 -

C(5)—N(11) antibond  0.459 0.459 0.445 0.455
N(8)—O(19) antibond ~ 0.058 0.058 0.058 0.059
N(8)—O0O(20) antibond ~ 0.058 0.058 0.058 0.057
N(9)—H(15) antibond ~ 0.089 0.088 0.089 0.086
N(9)—H(16) antibond ~ 0.089 0.103 0.090  0.089
N(10)—O(21) antibond 0.058 0.061 0.059 0.058
N(10)—0(22) antibond 0.058 0.058 0.057 0.058
N(11)—H(17) antibond 0.089 0.089 0.101 0.089
N(11)—H(18) antibond 0.089 0.089 0.101 0.089

Copyright © 2001 John Wiley & Sons, Lid. J. Phys. Org. Chem. 2001; 14: 644—649
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Table 4. Total energies ™3 intermolecular interaction energies, and dipole moments for TATB and -CF,—CH,};(n=1, 2, 3,

4, 5) calculated at the PM3 level (1 hartree = 2625.50 kJ mol~")

EPMS AE™3 AEP AE Dipole moment

Structures (kJ mol™") (kJ mol ") (kJ mol™) (kJ mol™") (D)
TATB —45.23 0.07
1,1-Difluorinecthane (n=1) —468.51 0.83
1,1,3,3-Tetrafluorinebutane (n = 2) —-911.76 1.61
1,1,3,3,5,5-Hexafluorinehexane (n=3) —1352.88 2.28
1,1,3,3,5,5,7,7-Octafluorineoctane (n =4) —1790.69 3.18
1,1,3,3,5,5,7,7,9,9-Decafluorinedecane (n=15) —2232.18 3.81
TATB + 1,1-difluorineethane —523.20 —9.46 —10.75 —20.21 0.88
TATB + 1,1,3,3-tetrafluorinebutane —971.32 —14.33 —15.32 —29.65 1.55
TATB + 1,1,3,3,5,5-hexafluorinehexane —1416.42 —18.31 —18.70 —37.01 2.23
TATB + 1,1,3,3,5,5,7,7-octafluorineoctane —1860.56 —24.64 —26.15 —-50.79 3.02
TATB + 1,1,3,3,5,5,7,7,9,9-decafluorinedecane ~ —2302.97 —25.56 —27.42 —52.98 3.76
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Figure 3. The optimized structure of the
TATB---1,1,3,3,5,5,7,7,9,9-decafluorinedecane complex

criterion for choosing the model. Table 4 lists the binding
energy for n=11to 5. A look at Table 4 demonstrates that

the binding energy of TATB with -CF,—CH,;
increases gradually while n increases from 1 to 5; in
particular, the —AFE of 1,1,3,3,5,5,7,7,9,9-decafluorine-
decane (n=35) and TATB is 2.19 kJ mol greater than
that of 1,1,3,3,5,5,7,7-octafluorineoctane (n=4) and
TATB. So we shall select n=5 for the following
calculations. In addition, for every complex in Table 4
AEP is close to AEP™? (e.g. the value of AE/AEP™ for
the TATB-: - -decafluorinedecane complex is 1.07), in-
dicating that the estimation of dispersion energy is
necessary for the PM3 calculation.

The optimized structure of the
TATB-: - -decafluorinedecane complex is shown in Fig.
3. Table 5 reports the selected fully optimized geome-
trical parameters. By comparing the bond lengths of a
single TATB molecule optimized by the B3LYP method
with those by the PM3 method (see Tables 1 and 4), we
find that the difference in N—O bond length between the
B3LYP method (0.1314 nm) and the PM3 method
(0.1226 nm) is 0.0088 nm and those of the other bond
lengths are smaller. Compared with the isolated TATB
and the isolated decafluorinedecane, for the TATB
subsystem in IV, both the r,3_1, and the rp4 15 increase
by 0.4 pm, the rj,_¢ decreases by 1.7 pm; but all bond

Table 5. Selected fully optimized bond lengths (nm) by the PM3 method

Decafluorinedecane TATB

Parameter Isolated v Parameter Isolated v
ra3 0.1555 0.1553 Te_s 0.1437 0.1439
Is_4 0.1555 0.1554 r7_1 0.1360 0.1355
Te_s 0.1555 0.1554 rii-s 0.1361 0.1354
r_e 0.1555 0.1552 I'io—e 0.1457 0.1440
r17-3 0.1361 0.1362 r13-7 0.1003 0.1002
rig_a 0.1107 0.1109 r14—7 0.1003 0.1003
r20-5 0.1362 0.1362 r17-11 0.1003 0.1002
s 0.1358 0.1360 rig_11 0.1003 0.1003
o6 0.1107 0.1109 72312 0.1226 0.1230
36 0.1106 0.1106 To4_12 0.1226 0.1230
r29_9 0.1363 0.1366

Copyright © 2001 John Wiley & Sons, Ltd.
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Table 6. Total energies E™™3 intermolecular interaction energies and dipole moments for TATB and CUV—CXY-5; (n=5)

calculated at the PM3 level (1 hartree = 2625.50 kJ mol™")

EPMS AEPMS AEP AE Dipole moment
Structures (kJ mol™h) (kJ mol™ 1) (kJ mol™1) (kJ mol ™) (D)
U=H, V=H,X=H, Y=H (A) —258.41 0.00
U=F,V=H,X=H, Y=H (B) —1141.69 2.98
U=F,V=F,X=F, Y=H (C) —3052.31 2.63
U=F,V=F, X=F, Y=F (D) —4085.25 1.00
U=F,V=F, X=F, Y=Cl (E) —3060.81 1.61
TATB + A —311.71 —8.07 —28.20 —36.27 0.10
TATB + B —1206.21 -19.29 —19.13 —38.42 3.20
TATB + C —3123.89 —26.34 —22.12 —48.46 2.15
TATB + D —4144.84 —14.36 -19.15 —33.51 1.17
TATB +E —3118.89 —12.85 —15.54 —28.39 147

lengths of the decafluorinedecane subsystem do not
change sharply.

Interactions of TATB with CUV—CXY-); (n=5).
Table 6 displays the total energies EX™", intermolecular
interaction energies and dipole moments for TATB and
+CUV—CXY); (n =5) calculated by the PM3 method.
From Tables 4 and 6, one can see that the binding energy
of TATB with a linear fluorine-containing polymer does
not increase with increasing numbers of F atoms in the
polymer chain. The —AE values of -~CF,—CH,—;; with
TATB and of -CF,—CFH-); with TATB are larger
than the others, whereas that of (CF,—CFCl),, with
TATB is the smallest; this demonstrates that the
interactions between -—CF,—CH,—5; and TATB and
between -CF,—CFH-; and TATB are stronger.
Therefore, in the development of TATB-based PBXs,
one should pay attention to -CF,—CH,5; and
~+CF,—CFH;.

CONCLUSIONS

The following conclusions are obtained from our
theoretical investigations. (1) The interaction of an
explosive molecule with a polymer chain in PBX can
theoretically be simulated with quantum-chemical
methods. (2) Three optimized structures of the
TATB- - -CH,F, complex are obtained at the B3LYP/3-
21G* level, whose greatest corrected binding energy is
—4.62 kJ mol " at the BALYP/6-311G*//B3LYP/3-21G*
level. (3) The polymers CF,—CH,5; and «CF,—
CFH-); should be examined in the preparation of TATB-
based PBX.
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