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We report second-order MgllePlesset (MP2) and density functional (DFT) calculations of the rotational

barrier and torsional potential for intramolecular rotation of the nitro group in the energetic system 1,3,5-
triamino-2,4,6-trinitrobenzene (TATB). The calculated rotational barrier is 11.0 and 17.9 kcal/mol at the MP2/
6-311G** and B3LYP/6-311G** levels, respectively, two to three times higher than that of nitrobenzene and
nitroethylene. This is attributed to very strong intramolecular hydrogen bonding in this molecule, where the

oxygen-hydrogen bond is 1:71.8 A at the equilibrium structure and well below the van der Waals limit of
2.62 A. The two-dimensional torsional barrier is determined to be 10.5 kcal/mol at the B3LYP/6-311G**

level, showing the effects of substantial nuclear relaxation. These results should shed further insight on the

unusual stability of TATB.

I. Introduction

The insensitive energetic material commonly known as TATB
(1,3,5-triamino-2,4,6-trinitrobenzene, Figure 1) has recently
received significant interest due to newly discovered intriguing
properties. A molecular solid that was first synthesized in 1887,
only one polymorph of TATB has been known experimentally
since the determination of its crystal and molecular structures
in 1965 to be triclinic centrosymmetric with two molecules per
unit cell? This structure is reminiscent of the graphitic sheets
of carbon, with significant inter- and intramolecular hydrogen
bonding, which may be responsible for the extraordinary stability
of TATB under thermal, impact, or shock initiatid.he recent
discovery of relatively strong second harmonic generation (SHG)
efficiency* in TATB, however, was patrticularly puzzling since
it is incompatible with the reported centrosymmetric crystal Figure 1. Molecular TATB.
structure. Several attempts have been proposed to unravel the
origin of this contradiction. These included (a) polymorphfsrh, potential energy functions for this system. An accurate force
(b) noncentrosymmetric stacking of molecular lay&tand (c) field for TATB is particularly important for dynamical simula-
deformation of molecular geometty. tions of its physical properties due to its relatively large size,

Moreover, using X-ray crystallography, Kolb and Ri¥zo  Which hinders the use of ab initio methods.
showed that TATB exhibits unusual behavior in the thermal In this work, we report a series of calculations of the barrier
expansion of powder composites. By monitoring the cell and torsional potential for the NOgroup in TATB. Two
constants of TATB between 214 and 377 K, it was determined computational methods are used in conjunction with the basis
that a permanent volume increase of 5.1% is accomplishedsets 6-311G** and 6-3116+(2d,2p): density functional theory
mainly in the cellc axis. The authors suggested that two other using the hybrid gradient-corrected correlation functional,
crystalline products in the bulk were either actual polymorphs B3LYP 213 and second-order MglletPlesset perturbation
of TATB or impurities. Further, the anomalous behavior of the theory (MP2}* as implemented in Gaussian 98 package of
anistropic thermal expansion coefficient around room temper- codest® The reported results show that the calculated rotational
ature may be due to internal molecular motion of the,NO barrier is significantly high, almost three times larger than that
functional groups. The internal rotation energy of this group is of nitrobenzene, indicative of substantial hydrogen bonding
a measure of the relative strength of the electronic conjugation contribution in this system.
that stabilizes the planar structure versus steric effects that could
favor a less crowded conformation. This molecular deformation II. Results and Discussion
is, thus, important in further understanding the origin of the

SHG activity, in determining the strength of intramolecular 'T"“_a“y; we shall_s_tart with a few words regarding the
interaction, and for subsequent development of empirical optimization of the minimum structure of TATB at the Hartree

Fock (HF), B3LYP, and MP2 levels. We list the optimized bond

* To whom correspondence should be addressed. E-mail: manaal@!€ngths (without any symmetry constraints) in Table 1. These
linl.gov. molecular parameters compare well at all levels of computation
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TABLE 1: Equilibrium Molecular Parameters of TATB 2 It also asserts the significance of electron correlation for
geometric parameter HF  MP2 B3LYP otherexperimertt c_onjugated s;gstems, as previously noted for nitrobenzene and
R(C—C) 1427 1428 1445 1452 1212 nl'grqethylenel. The MP2 results, on the other hand, ensure a
R(C-N) (amino)  1.323 1.343 1.326 1.334 1314 minimal error in the rotational barrier by using the B3LYP
R(C—N) (nitro) 1.435 1.445 1.440 1.436 1.419 reference structure, as opposed to the true minimum calculated

R(N-0) 1.201 1.240 1.242 1.262 1.243 at the MP2 level.

aHF, MP2, and B3LYP results using 6-311G** basis set. Bondsin  1he values of the rotational barrier at various levels of
A and angles in ded.Results from ref 16 using BPW91 functional computation are listed in Table 2. We note that the B3LYP
and the augmented cc-pvdz basis §&rom ref 2. treatment provides the highest barrier, 17.9 kcal/mol with the
smaller basis set. Correction with the larger 6-33H32d, 2p)
basis set lowered the barrier to 16.3 kcal/mol. The inclusion of
electron correlation via MP2 theory, however, provides a

TABLE 2: Calculated Rotational Barrier of the Nitro
Group in TATB at Various Levels

computational levél E°(min)  AE° significantly lower barrier at 11.0 kcal/mol. The MP2 barrier
B3LYP/6-311G** —1012.114430 17.9 calculated at the B3LYP respective structures is 13.2 kcal/mol
HF/6-311G™ | —1006.457645 and does not exhibit any change in using the larger basis set.
MP2/6-311G . —1009.542279 11.0 We note that the observed basis set dependence is general in
HF//B3LYP/6-311G —1006.432379 15.2 . . . .
MP2//B3LYP/6-311G** ~1009.539040 13.2  this problem: G-NH; and C-NO; bond energies (including
B3LYP/6-31++G(2d,2p)//B3LYP/6-311G** —1012.176311 16.3  Z€ro-point energy correction) at the B3LYP/6-311G** level is
HF/6-31H-+G(2d,2p)//B3LYP/6-311G** —1006.497652 14.1 104.4 and 64.3 kcal/mol, respectively. These values compare

MP2/6-311+G(2d,2p)//B3LYP/6-311G**  —1009.831351 13.2  well with the BPW91 calculations using the augmented cc-

aThe double-slash notation has the usual meaning “at the geometryPVDZ basis set, which gave 103.4 and 63.9 kcal/mol, respec-
of ”. P Energy of the planar structure, in hartreeEnergy difference tively.1® We therefore expect the results with the 6-311G** basis
(in kcal/mol) between the structures of perpendicular and planar nitro to deviate 32 kcal/mol from those obtained with larger basis
group. sets.

Despite the lowering of the rotational barrier by-3 kcal/
mol using MP2 theory, the magnitude of this barrier is still
significantly high when compared to others found in similar
conjugated molecular systems. As examples, the rotational
barriers in nitroethylene and nitrobenzene were calculated to
be 4.9 and 4.6 kcal/mol, respectively, at the MP2/6-311G**//
MP2/6-31G* levell® The MP2 treatment of nitroethylene in that
study proved to be very accurate when compared with a more
enhanced treatment via the quadratic configuration-interaction
QCISD(T) method? giving 5.0 kcal/mol, and when compared
with the experimentally determined barrier of 4.83 kcal//ol.
Further, we repeated the calculations of rotational barrier for
nitrobenzene at the B3LYP/6-311G** level and determined a
barrier of 6.9 kcal/mol. This result thus accounts for 2.3 kcal/
mol difference from the MP2 treatment. Hence, we expect our

with recent work using the BPW91 functioh@land with
experimental resultsOnly the R(N-O) bond distance at the
HF level is seen to be significantly short, due in part to neglect
of electron correlation. It should be noted that the experimental
geometric parameters are obtained for crystalline TATB, while
our calculated results are for an isolated molecule. From the
optimized structure, we determine the near neighbor oxygen
hydrogen bond distance to be 1.70 and 1.80 A at the B3LYP
and MP2 levels, respectively. This in itself is indicative of a
very strong noncovalent-NO---H bonding, which is well below
the sum of the van der Waals radii of 2.627/&nd should be
compared with nitrobenzene in which the- @ bonding is 2.40
A. The average intermolecular N©-H bond distance is 2.30
A as determined for various nitro-containing compouHds.
More important, however, is that according to the X-ra . S
structure? trﬁ)e TATB molecule is planar (as in Ig:igure 1). Thg MP2. results tq be reflective of the true bfarrler. in TATB.
recent calculatiot8 6of the gas-phase minimum energy, similar ~ With @ barrier of about 13 keal/mol in this system, the
to the ones reported herein, predicted a nonplanar structure a€Xistence of the surrounding bulky amino groups certainly plays
the HF and LDA levels, with out-of-plane rotated amino and 2 pronounced rqle in hindering the rotational motion of the nitro
nitro groups. Our calculations confirm this fact, the HF results 9roup by providing a short NO---H bond length, 1.761.80
showing the dihedral angléSONCC andJHNCC to be 28 at the ethbnum_structure. The I\izOotanon_lncreases this
and 9, respectively. A similar observation for tHeONCC bono! length dr_ama_lt|cally to 2.70 A. In the soll_d state, the;NO
angle is noted at the MP2 level, WilONCC= 22°. Only the rotatlonal motion is expected to be further |mpeded due to
B3LYP results determined a planar structure, in accord with intermolecular forces such as hydrogen bonding. We thus
the earlier BPW91 calculations. It is interesting to note that the Surmise that N@group rotation is not expected to be thermally
qualitatively different equilibrium structures determined with accessible at ambient temperatures. This may play a role in
the B3LYP (planar) and MP2 (nonplanar) methods invoke the stabilizing the graphitic shgets in the solid phase and is a further
possibility that the structure of a free TATB molecule is testament to the extraordinary noted stability of TATB.
nonplanar and that the intermolecular hydrogen bonding in the  Clearly, the rotational barrier discussed above is an upper
crystal is responsible for the experimentally observed planar bound to the true barrier: relaxation of the molecular modes
structure. From an energetic standpoint, however, the two during the NQ rotation must be taken into account. The path
structures are similar, as discussed below. connecting the minimum planar structure and the perpendicular
Since in this study the fully optimized torsional barrier is transition structure in one-dimensional coordinate is not unique,
determined at the B3LYP level, we take the equilibrium structure excluding the rigid rotor case, of course. We therefore choose
determined at the B3LYP level of theory as our reference. At

this reference structure, the HF energy is 15.9 above the true 02\ 04
minimum energy, while the MP2 treatment places it higher only N

by 2.0 kcal/mol, as reported in Table 2. The HF result is l
consistent with the currently accepted fact that the HF method /C\

is much better at predicting structures than relative enet§ies. C; Cy
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12 - be important at low temperature. In particular, the permanent
volume increase of powder composites obsetvati214 and
377 K cannot be attributed to this molecular motion. Even with
a barrier of 5 kcal/mol, small populations of perpendicular
configurations exist at any given time at these temperatures,
with the rotation occurring on the picosecond time scale.

Since the reported results are of use in the development of a
force field for TATB, we should note that significant differences
exist between the MP2 and B3LYP levels of computation. For
the equilibrium structure, MP2 optimization results in a non-
planar structure, while the B3LYP produces a planar one similar
to the experimentally observed structure in the crystalline. Since
our optimized structures were performed for an isolated
molecule, this does not preclude the possibility that the actual
structure of TATB in the gas-phase is nonplanar. Increased
contributions of intermolecular hydrogen bonding could lead
to the planar structure observed in the crystal. Energetically,
the MP2 results are 40 to 50% lower than the respective ones
: : ' : obtained with the B3LYP method. It will be of particular interest
0 %0 48075 80 108 to compare a MP2 fully optimized torsional curve to the B3LYP
curve for the N@ and other intramolecular motion such as the
NH. group rotation. Calculations along these lines are currently
in progress and will be reported in the future.

Finally, It will be interesting to compare the results of this
the following two dihedral angles as our fixed parameters and study with qther nitro-.containing energetic materials of diﬁering
optimize the remainder of the molecular coordinaté©;NCC, macroscopic properties (such as RDX and HMX), along with
and JO,NCG,, as shown, and defing = JO;NCC; = 0O,- determining the effects of !ntermolecular hydrogen bonding in
NCC,. This choice allows an equal treatment for the angles these systems. Such studies are also planned.
formed between the planes defined by the ONC and NCC group )
of atoms. Acknowledgment. This work was performed under the
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