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Internal Rotation of Amino and Nitro Groups in TATB: MP2 Versus DFT (B3LYP)
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We report second-order MgllePlesset (MP2) and density functional (B3LYP) fully optimized amino and
nitro group torsional potential barriers in 1,3,5-triamino-2,4,6-trinitrobenzene (TATB), a molecule with
unusually strong intramolecular hydrogen bonding. The calculated barriers show optimum values of 17.0
(25.5) kcal/mol for the amino group and 5.6 (10.5) kcal/mol for the nitro group rotation at the MP2 (B3LYP)
level. The large barrier associated with the amino rotation is due to the double-bond character of the respective
C—N bond. Because the B3LYP results are-8T% higher in energy than those provided by MP2, a more
detailed comparison with other functionals and higher-level ab initio methods is needed for an accurate
description of these intramolecular motions.

I. Introduction Ot O

Hig No Hog

In the case of TATB (1,3, 5-triamino-2,4,6-trinitrobenzene, | |

Figure 1), it is thought that strong intramolecular interactions N1 C Niz
are the major contributors to the extraordinarily low sensitivity sz/ O\C/ 3\06/ Hy
to shock or impact of this explosiVeTATB's crystal structure | ”
consists of hydrogen-bonded molecular sheets, similar to Oten, O O, _On
graphite? The intermolecular hydrogen bonding in this molec- N7 T Ne
ular solid also plays a role in its overall stability. These strong c|> |
interactions are manifested by the lack of a distinct melting ‘SHEO/N”\H23 O

point, believed to be>300 °C, and by the total insolubility of
this compound in most common solvehkfReliable determina-
tions of energy barrier and associated torsional potentials of

the substituent groups (amino and nitro) are important quantify- e discrepancy between the MP2 and B3LYP results is
ing measures of the strength of !ntramolecular inFeractions E-lndsigniﬂcant enough that a comparative evaluation on equal
for the development of potential energy functions for this footing is warranted. Because of their cost-effective nature, DFT
system. The propensity toward such molecular deformations ,ethods have become widely used for studying the physical
might help explain some peculiar physical properties of TATB. gnd chemical properties of relatively large molecules. The
These include the observed permanent volume increase Ofperformance of DFT methods was shown early on to be
powder composites between 214 and 377 e thermally generally no better than that of conventional ab initio techniques
activated structure changésand the discovery of second  for geometries, dipole moments, and vibrational frequeriGies.
harmonic generation (SHG) efficien&y. Recently, it was reported that the B3LYP calculated interaction
In a recent articlé,we reported the rotational barrier of the  energies for hydrogen-bonding systems were underestimated by
nitro group in TATB using second-order MgltePlesset (MP2) up to 34% when compared with the CCSD(T) calculated fnit
to be 11.0 kcal/mol and with density functional thebuging and that the PW91 functioridiis a better alternative to ab initio
the hybrid gradient-corrected correlation functional B3L¥P methods. The deficiency in the B3LYP functional to evaluate
to be 17.9 kcal/mol, employing the standard 6-311G** basis the attraction between weakly bound systems properly was
set. Even with the lower of the two results, the barrier is more attributed to its erroneous asymptotic behavior at low den-
than twice that of nitrobenzene and nitroethyléh& The sity.1819 The recent study on the water dimer, however, an
relatively large barrier was attributed to the very strong electrostatic or hydrogen-bonding-dominated system, reported
intramolecular hydrogen bonding in this molecule, where the the binding energy to be independent of both the basis set and
neighboring oxygerhydrogen bond is 1:71.8 A at the  the level of theory’? It is well-known that DFT-based methods
equilibrium structure and is well below the van der Waals limit  do not include dispersion contributions that account for these
of 2.62 A1# Furthermore, the fully optimized torsional barrier  types of interaction$Because the development of a force field
was also determined at the B3LYP level, revealing the effect pased on B3LYP calculations for large, energetic molecular
of nuclear relaxation with a maximum barrier of 10.5 kcal/mol. systems such as HMX has recently been repditedsimilar
MP2 single-point calculations of the DFT optimized curve, attempt for TATB is currently underway in our group in order

Figure 1. Molecular structure of TATB as referred to throughout the
text.

however, lowered the barrier to 5.5 kcal/mol. to model the thermally activated structural changes in this system
properly. It is imperative, however, to scrutinize the accuracy
* Corresponding author. E-mail: manaal@Iinl.gov. of the B3LYP functional versus traditional (say MP2) ab initio
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TABLE 1: TATB Equilibrium Structure Molecular First, the nearest-neighbor oxygehydrogen bond lengths,
Parameters! R(O—H), determined at the MP2 and B3LYP levels are 1.80
parameter MP2 B3LYP experimént and 1.70 A, respectively, which are significantly shorter than
Bond Lengths the van der Waals limit of 2.62 A The discrepancy between
R(C—C) 1.428 1.445 1.442 these two results is due to the fact that the MP2-optimized
R(C—N) (amino) 1.343 1.326 1.314 structure is nonplanar and the nitro group is rotated with respect
R(C—N) (nitro) 1.445 1.440 1.419 to the ring, thus increasing the-® bond distance. Neverthe-
SE“:S)) i-gég %-gﬁ 1.243 less, this is indicative of unusually strong intramolecular
R(O—H) 1802 1702 hydrogen bonding. The rotation of the respective functional
groups will cause an increase in this bond length and will be a
N 117.A8ngles 168 dominant factor in determining the associated barrier.
Cs—C,—Ca 1221 1211 Second, the magnitude of the carbanitrogen bond of the
O-N-0 121.3 118.8 amino group is shorter than that usually determined for a single
C-N-O 119.2 120.6 bond. In Table 1, this bond is calculated to be 1.343 (1.326) A
C—N—H 117.0 117.2 atthe MP2 (B3LYP) levels and is compared to the experimental
2:2‘::\"' (nitro) ﬁgi ﬁgi value of 1.314 R A typical value for a C-N single bond,
C—C—N (amino) 117.0 120.6 however, is~1.45 A, and that for a €N doub_le bond_is_ 1.27
Dihedrals A2 .For TATB, then, the &NH; bond certam]y exhibits an
Ca—Ca—Ci—Cs 46 31 admixture of double-bonq chgrac_ter, whl_ch is not altogether
N—C—C—N 6.9 4.2 unexpected when the conjugative interaction of the type shown
O16—N—C1—C4 29.1 9.2 in structure | below plays a role. The consequence of the
O13—N—-C1—Cs 22.6 4.1 presence ofr character is to present much more resistance for
017—~N—Cy—Cs 29.1 2.0 the rotation around this bond, as discussed later.
O14—N—C,—Cs 22.6 3.6
O15—N—C5—Cs 22.6 0.9 +
O15—N—C5—C4 29.1 3.8 Ha
Hoo,—N—Cs—C; 0.2 0.3
Hig—N—C,—Cs 21.5 4.7 0N
Hzo_N_Cs—Cl 21.5 4.1 NZO
Has—N—Cs—C; 0.3 1.3
H21_N_C5—C2 21.5 2.1
H2a—N—Cs—Cs3 0.2 25
aBonds in A and angles in degreéssrom ref 2. H2N NHz
N0

methods for internal rotations that involve strong interactions
of neighboring groups. I

In this work, we report the fully optimized amine-(NH,)
group torsional potential of TATB on the basis of the MP2 and This characteristic is also demonstrated in theNE, bond
B3LYP levels of treatment. We also report the MP2 fully energy, calculated to be 104.4 kcal/mait the B3LYP/6-
optimized nitro NO,) group torsional potential and compare 311G** and 103.4 kcal/mét at the BPW91/cc-PVDZ levels
it with our earlier DFT(B3LYP) calculation. The computational of theory.
methods are used in conjunction with the 6-311G** basis set The optimized bond angles are listed in Table 1, with the
as implemented in the Gaussian 98 package of c&d€he indices referring to the corresponding structure in Figure 1. The
choice of this basis set was shown to provide energies within two methods produced bond angles with onty3t difference.
1.5 kcal/mol when compared with calculations employing the As for the dihedrals, the most pronounced fact is the relatively
6-311GH+(2d, 2p) basig. The reported calculations clearly large rotation of both the nitro and amino groups at the MP2
reveal that the B3LYP method consistently produces results 40 level, predictingddONCC = 22—-29° and OHNCC = 21.5
85% higher than those determined with MP2 for these internal compared to recent calculations that shovi@g@dNCC = 28°
motions. Thus, the results should serve as a cautionary signaland OHNCC = 9° at the Hartree Fock (HF) level using
and should emphasize the need for further assessments witt6-31G*2% 6-311G**, and cc-PVD2* basis sets. The B3LYP
other high-level methods for systems with strong intramolecular results, however, yielded a nearly planar structure that is similar
hydrogen bonding. to the experimentally determined solid-phase structure. Earlier
DFT calculations also determined a near-planar equilibrium
molecular structure fof ONCC= 6.1 and—1.5° andJHNCC
= —2.9 and—1.2° at the local-density approximation (LDA)/
A. Equilibrium Structure of TATB. X-ray analysis of the  6-31G*5 and BPW91/cc-PVDZ levels, respectively.
crystal structure of TATB determined graphitelike sheet That the B3LYP equilibrium structure is more closely related
structure with two nearly planar molecules in a unit cell. No to the experimental structure of the crystal solid is by no means
experimental information on the gas-phase structure has beera testament to the accuracy of this method. The graphitelike
reported. In Table 1, we list the molecular parameters of the sheets of TATB molecules in the crystals are stabilized by strong
equilibrium structure that was optimized without any symmetry intermolecular hydrogen bonding that is completely neglected
constraints. As we noted previoushnd reported in the Table, in locating the minimum-energy structure of an isolated TATB
both B3LYP and MP2 bond distances compare reasonably well molecule. In the absence of gas-phase structural data, it is
with those reported experimentally for the solid matetiaivo certainly possible that the true equilibrium structure is the
important results are apparent, particularly for our later discus- nonplanar MP2-determined structure, which conforms to planar-
sion of the energetics of rotational barriers. ity only as those long-range interactions are accounted for in

Il. Results and Discussion
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30 - TABLE 2: Calculated Rotational Barrier of Amino and
B3LYP Nitro Groups in TATB
method E(min)2 AE(amino}y AE(nitro)°
B3LYP —1012.114430 42.1 17.9
MP2 —1009.542319 29.3 11.0
aEnergy of the equilibrium structure in hartreé€nergy difference
in kcal/mol.

of internal molecular modes. As listed, the barrier of the amino
group is unusually high: 42.1 and 29.3 kcal/mol at the B3LYP
and MP2 levels, respectively. The magnitude of this barrier
cannot be justified on the basis of hydrogen-bonding interactions
alone but rather reinforces our earlier observation of th&\€l,
double-bond character.

The presence of double-bond character inNgH, is some-
what anticipated on the basis of classical resonance arguments.
The molecular structure of TATB is such that several conjuga-
tive interactions are possible. In addition to structure | above,
enhanced interaction of thedonating NH group is positively
Y reinforced with the interaction of the-accepting NQ group,
leading to the arrangement depicted in structure 1.

AE(Kcalmol)

0 20 40 60 80 100

Figure 2. B3LYP and MP2 fully optimized-NH; torsional potentials.
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In fact, a strong “pushpull” conjugation among the amino and
nitro groups around the ring was invoked to explain the
exocyclic torsion of the TATB molecular structui®An earlier
study on the electron density distribution also supported the
» { , ‘ ‘ [ ‘ presence of radialenelike bondiffe?” The fully substituted
0 15 30 45 60 75 20 benzene ring in TATB, however, places a limit on the type of
these conjugative interactions, which must be balanced because
Y of saturation and steric effects.
Figure 3. B3LYP and MP2 fully optimized-NO; torsional potentials. The NG calculated rotational barrier listed in Table 2 is

significantly lower than that due to the amino group, 11.0 (17.9)
the condensed phase. Energetically, this seems to be venkcal/mol at the MP2 (B3LYP) level. Nevertheless, the magni-
plausible: an MP2 single-point calculation on the B3LYP planar tude of this barrier is considerably higher than that for
structure is only 2.0 kcal/mol higher than the optimized MP2 comparable molecular systems such as nitroethylene and ni-
equilibrium structure. Moreover, the MP2 minimum-energy trobenzene: 4.9 and 4.6 kcal/mol, respectively, as calculated
pathway for the dihedral angles associated with the nitro group at the MP2/6-311G**//MP2/6-31G* level of theoi.As we
is nearly constant in the range of-80°, as discussed later (see stated previouslythe existence of the surrounding bulky amino
Figure 3). This is consistent with the thermal motion analysis groups plays an important role in hindering the rotational motion
of the X-ray structure that predicted nitro group libration with of the nitro group. Upon rotation, the nearest-neighbor oxygen
an average torsional amplitude of*22These observations lead hydrogen bond, R(©H), is increased to 2.7 A from its
to the conclusion that, although the MP2 minimum-energy relatively short length of 1.71.8 A at the equilibrium structure.
structure exhibits partial rotations of the functional groups, the It is evident that large discrepancies are manifested between
potential energy profile in the vicinity of this nuclear config- the MP2 and B3LYP results for both rotational barriers. The
uration and connecting to the planar condensed-phase structur@®3LYP values are 43.7% and 62.7% larger than the MP2 results
is nearly flat. for the amino and nitro rotational barriers, respectively. The

B. Amino and Nitro Rigid-Body Rotational Barriers. The lowering of these barriers at the MP2 level can be attributed to
calculated amino and nitro rotational barriers, using a perpen- the explicit treatment of electronic correlation that is significant
dicular conformation of these functional groups to that of the in conjugated syster®s and to the inclusion of dispersion
equilibrium structure, are presented in Table 2. Within this rigid- interactions that are dominant in TATB. It was demonstrated
body treatment, these barriers represent upper bounds to thehat, in the case of nitroethyleAgthe MP2-calculated rotational
true rotational barriers in the gas phase, neglecting relaxationbarrier of 4.9 kcal/mol was in excellent agreement with the
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TABLE 3: Optimized Molecular Parameters for Amino TABLE 4: Optimized Molecular Parameters for Nitro
Rotation? Rotation?
angles angles
MP2 B3LYP MP2 B3LYP
parameter 30 60 9 30 60 90 parameter 30 60 9 30 60 90
Bond Lengths Bond Lengths
R(G—Cy) 1.418 1.411 1.410 1.437 1.433 1431 R(G—Cy) 1.422 1.402 1.394 1.433 1.407 1.396
R(Cs—N1g) 1.354 1.364 1.366 1.329 1.333 1.335 R(C4—Cio) 1.343 1.346 1.344 1.327 1.329 1.330
R(C,—Np) 1.458 1.461 1.458 1.440 1.448 1.460 R(C,—Cy) 1.446 1.457 1.462 1.442 1.465 1.483
R(Ng—014) 1.231 1.228 1.228 1.235 1.225 1.218 R(Ng—0O14) 1.240 1.235 1.238T 1.238 1.228 1.220
R(N1og—Ha2) 1.008 1.008 1.008 1.013 1.011 1.010 R(O1s—H21) 1.830 2.116 2.543 1.798 2.123 2.828
R(O1g—Hz4) 2.483 3.087 3.398 1.864 2.191 2.675 R(Ows—Hz2) 1.800 1.802 1.757 1.716 1.732 1.738
R(Ow3—H22) 1.850 1.928 1.952 1.738 1.773 1.794 Angles
Angles Ci—Cs—C3 117.8 118.1 118.8 118.9 119.2 119.2

C—C4—C3 116.8 116.1 1159 118.2 1175 116.9 C—Ng—0y4 119.1 117.8 117.3 119.6 118.0 117.4
Cs—Ci—Cs 122.0 1227 123.2 120.7 120.8 121.1 Cs—N12—H21 117.1 116.5 117.2 118.1 119.2 1204
O14—Ng—017 1235 125.0 125.2 1209 122.6 123.7 Dihedrals
C3—Ng—0Oss 118.2 1178 117.7 119.0 118.2 1183 e
C4—Nio—Hio 1167 1158 1156 1175 117.8 1179 <@ & &G 51 47 58 80 46 19

Ng—C,—Cs—Ny 48 12 1.3 17 21 22
Has—N11—Hazo 1215 1195 119.0 124.8 1242 123.6 Oje—N27_él—éi 283 232 54 13 11 30

Ce—Cs—Ng 1183 1184 1181 1186 1181 1183 O NG 515 180 148 88 50 22

Co—Cs—Nu12 121.8 1214 1214 1210 1211 1210 O—No—Cs—Cs 295 268 14.4 3.0 39 25
Dihedrals O15—No—C3—C, 224 191 4.9 12 12 2.6
C3—C4—C1—GCs 5.6 51 3.9 6.0 4.7 5.3 H24—N1>—C¢—C3z 0.3 4.5 9.6 5.0 0.6 5.0
Ng—C>—Cs—Nyz 102 131 129 9.6 11.7 123 H21—N1,—Ce—C; 22.7 29.8 26.1 9.2 165 114
Oi—N;—C,—C4, 274 303 333 10 0.2 1.7 H2o—N1o—C4—C; 0.2 2.2 141 1.8 0.5 3.3
013—N—C—Cs  21.7 259 294 11 0.3 1.6 Hio—Ni1g—C4—Cz 215 215 13.9 0.9 0.1 3.6

017—Ng—C>—Cs 412 559 548 260 36.3 437 H2:—N11—Cs—C, 1.1 28.0 26.2 11.7 165 116
0O14—Ng—C,—C¢ 37.1 520 495 251 338 412 H2o—N1;—Cs—C1 224 1.8 9.4 4.1 0.4 5.2
O15—No—C3—Cs¢ 48.7 585 565 26.1 336 413

O1—Ne—Cs—C, 462 57.9 563 256 36.3 43.8 aBonds in A and angles in degrees. Rotation is around theNg
Ho~Nio—Cs—C; 3.0 47 47 22 29 26 bond in Figure 1.

Hig—N;0—Cs—C3 28.5 335 34.0 5.6 6.8 9.7 . A

Hy,~Ny;—-Co—C, 08 04 10 38 69 97 energy of the respective equilibrium structures. An extended
Hyo—N1;—Cs—C; 259 315 33.7 4.1 2.8 26 set of optimized molecular parameters for the rotation interval

is listed in Tables 3 and 4; these parameters should be of use in
the development of a molecular force field for TATB. The lists
will also help identify the behavior of the unconstrained

experimentally determined barrier of 4.83 kcal/ioh B3LYP molecular parameters in response to this constrained motion.
calculation on equal computational footing for nitrobenzene ~ The NH torsional curve has maxima for = 90° of 25.5
provided a barrier of 6.9 kcal/mol, which is 2.3 kcal/mol higher @nd 17.0 kcal/mol at the B3LYP and MP2 levels, respectively.
than the MP2 resul despite the fact that the intramolecular These values are still larger than typical single-bond torsional
O—H interaction is much weaker in nitrobenzene, the bond barriers. The effect of nuclear relaxation is also significant
distance being 2.39 A. because these values are reduced by 16.6 (B3LYP) and 12.3
C. Torsional Barriers. To examine the effect of relaxation ~(MP2) kcal/mol from the rigid-body approximation. We note
of internal molecular modes, we calculated the minimum-energy that, at this degree of rotation, the B3'—Yf method provides a
paths connecting the perpendicular transition structures of theSimilar result for the rigid-body case~50% higher than the
amino and nitro groups to the respective equilibrium structures. MP2 result. The MP2 energy curve in Figure 2 shows a steep
In the absence of a unique 1D coordinate that describes thelncrease for smal}, in contrast to the B3LYP calculations. This
rotational motion, we choose the following two dihedral angles is indicative of immediate resistance toward rotation around a

aBonds in A and angles in degrees. Rotation is around #1eNg,
bond in Figure 1.

as our constrained modesiIX;NCC; and OX,NCC,, as bond with significantr character. Foy = 30°, with rotation
depicted in 11, where X and % are either hydrogen (amino) ~ around the €N, bond in Figure 1[1H24NCeCs experiences
or oxygen (nitro) atoms. this full rotation from its corresponding value at the equilibrium

structure of 0.2, in contrast todJH21NCsC, of 21.5°. Whereas
c Cq the MP2 barrier at this angle of rotation is 10.1 kcal/mol,
™~ representing 68% of the maximum barrier, the B3LYP barrier
T is only 4.0 kcal/mol at the same degree of rotation. We also
note that the only significant changes in the optimized molecular

N . , -
X - \x parameters listed in Table 3 from the equilibrium structure are
2 ! those corresponding to the torsion of neighboring nitro groups
I and, in the case of MP2, a dramatic increase in the nearest-

neighbor O-H bond distance of the rotating amino group,
We definey = OX;NCC; = OX,NCGC; as a fixed parameter R(018H24). The dihedrals [0O17NgCoCs, [1014NgCoCe,
and optimize the remainder of the molecular coordinates. This [001gNgC3Cs, and [10;5NgC3C,4 react strongly to the NH
choice allows equal treatment of the angles formed betweenrotation, showing a maximum increase ofZ00°) at the MP2
the planes defined by the ONC and NCC groups of atoms.  (B3LYP) levels. These rotations of the nitro group in turn induce
Figures 2 and 3 display the fully optimized torsional curves smaller rotations of the remainder amino groups:18° for
for the amino and nitro groups, respectively, relative to the [OH1gN10C4Cs and [0H2oN11CsCh.
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As for the NQ torsional barrier, Figure 3 shows maxima at body barriers of 29.3 (42.1) for the amino and 11.0 (17.9) kcal/
y = 90° of 10.5 and 5.6 kcal/mol at the B3LYP and MP2 levels, mol for the nitro rotation, respectively, at the MP2 (B3LYP)
respectively. The full optimization of nuclear coordinates levels of theory, thus reflecting the importance of full nuclear
reduces the rigid-body barrier by 70% (B3LYP) and 96% (MP2). relaxation. The large barrier associated with the amino rotation
Here again, we note that the B3LYP result is 87.5% higher than is due to the double-bond character of the respectivél ®ond,
that obtained by MP2 and that both the B3LYP and MP2 curves with corresponding conjugative structures that are balanced by
in Figure 3 exhibit little change for rotation of up o= 30°. steric and saturation effects in this molecule. The MP2 results
For MP2, this result is expected because the nitro group is are 46-85% lower in energy than those determined using
already in partial rotation in its equilibrium structure, where B3LYP, clearly demonstrating the need for further assessment
0017/NC,Cs = 29.1° and 0O14NC,Cs = 22.6°. This small and care in choosing an adequate method for the development
energy cost of nitro torsions could easily be compensated for of a force field for systems that manifest strong intramolecular
when considering the benefit of forming a cyclic network of hydrogen bonding.
hydrogen bonds, as is the case in the solid phase.
Interestingly, the MP2-optimized curve is almost identical
to a MP2 single-point calculation of the B3LYP-optimized curve
reported earlief. Similar to the case for amino rotation, the
parameters most affected by the nitro group rotation, as listed
in Table 4, are the dihedrals. Most pronounced is the MP2 result
for the dihedral1O1N7C,C,4, showing a change from 28 t¢ 5 References and Notes
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