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DFT CALCULATIONS OF THE THERMOCHEMISTRY AND STRUCTURES OF 

TETRAZINE DERIVATIVES 

Charles F. Wilcox*, Yi-Xue Zhang and S. H. Bauer 

Baker Chemical Laboratory, Department of Chemistry and Chemical 

Biology 

Cornell University, Ithaca New York 14853 

ABSTRACT 

Enthalpies of formation and standard state entropies were 

calculated for tetrazine, amino- and nitrotetrazines, and four 

extended ditetrazines using DE'T programs. The derived values 

were corrected with the previously derived supplementary set of 

four parameters. The basic geometric structural features of the 

minimum energy states of the tetrazines are summarized. 
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INTRODUCTION 

Tetrazine-based energetic materials comprise an interesting 

class of explosives for which imaginative synthetic routes have 

been developed recently . The tetrazines (e.g., 1) have unique 1 

features. 

N-N 

They derive a substantial fraction of their explosive power from 

their high heats of formation rather than from oxidation of their 

carbon content. This is significant, since rapid high gas 

generation occurs early in their decomposition, in contrast to 

the high exoergicities of CH/N02 formulations that appear after an 

initial pyrolysis and subsequent oxidations. In addition, the 

tetrazine based compounds have relatively high densities, are 

generally insensitive to impact and can be readily formulated for 

good oxygen balance. They provide useflrl explosives and 

smokeless pyrotechnics. 

High nitrogen content compounds present a challenging group 

of molecular species for calculation of their thermochemical 

parameters. Politzer and co-workers2 developed several 

computationally efficient a b  i n i t i o  and DFT models for this group 

of compounds, and auxiliary computational tools for converting 
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calculated gas-phase heats of formation into condensed-phase 

3 heats of formation. Williams and Whitehead published an extensive 

compilation of heats of formation of azole, azines an& 

benzazoles, derived via semi-empirical and ab initio 

computations. They found that PM3 performs well on azoles and 

benzazoles, but underestimates the heats of formation of azines. 

However, they developed a set of correction terms that brought 

the semiempirical azine enthalpies into agreement with the 

experimental values. For their ab initio calculations they 

utilized 4-31G and 6-31G** basis sets. More recently, Rice and 

co-workers' applied the B3LYP/6-31G* DE'T method to 32 high-energy 

nitrogen compounds and report an rms fit to the experimental data 

of 3.1 kcal/mol. 

As part of our study of the gas phase pyrolysis of TNAZ 

(1,3,3-trinitroazetidine) , representative of the "new generation" 
of explosives, we developed a computational model that could be 

used to estimate the energies of both the singlet and the radical 

species generated during their initial decompositions, and to 

offer insights into the structural bases for those energies. 

That model, while based on procedures developed by other 

workers, 2 ' 4  differs from them in computational details. The 

approach taken was to perform DFT B3LYP/6-31G (d,p) calculations 

and to supplement them with empirical parameters. Several 

parametric schemes were explored, one of which was a five- 

parameter model that consisted of four atomic parameters for C, 

H, N and 0 (no structure-based parameters) and a single 

additional parameter for each radical center present. This 
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simple scheme did not provide as good fit as did the more 

elaborate parametric schemes that included specific structural 

features, but the fit was acceptable. For a total set of 39 

singlet and radical species the simple scheme produced a 
I satisfying MAD (mean absolute deviation) value of 1.51 kcal/mol . 

The primary objective of the computations described here 

was to estimate enthalpies of formation and standard entropies 

for the tetrazine based energetic species. To this end ‘we 

carried out a series of DFT B3LYP/6-31G(d,p) for the tetrazines 

and .related reference compounds. Since, many of these substances 

incorporate unique structural features that went beyond our 

previous TNAZ work, we have also undertaken parallel computations 

(when molecular size allowed it) with the more sophisticated 

(and precise) G3(MP2)//B3LYP model. 

The calculated heat of formation of 1 is compared with a 

reported measured value. We also present estimated heats of 

formation of two novel potential explosives. 

COMPUTATIONS 

The D F T  results reported herein were evaluated using the 

Gaussian G98W suite of programs’ with complete geometric 

optimization; the derived frequencies were all positive. The 

zero-point and thermal corrections used to evaluate enthalpies 
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and entropies at 298.15 K were based on unscaled frequencies. 

The atomic energies needed to calculate molecular heats of 

formation are (au per atom): C -38.11689; H -0.58094; N - 
54.7621 

In 

species 

correct 

-0.603; 

; 0 -75.15317. 

the present B3LYP/6-31G(dIp) calculations no radical 
7 were included. Hence only four of the previously derived 

on parameters (kcal/mol) were applied: R (H) +O. 676; R (C) 

R ( N )  +0.492; R ( 0 )  -0.597. 

The G3 (MP2) //B3LYP calculations were performed using the 

"G3MP2B3" option of the G98W program suite, which employs scaled 

frequencies for the estimation of the enthalpies and entropies. 

Corrected enthalpies employed the previously derived' correction 

parameters (kcal/mol) : P(H) -0.323; P(C) 0.717; P(N) -0.225; P ( 0 )  

-0.221. 

RESULTS AND DISCUSSION 

Table 1 is a compilation of the calculated heats of 

formation for those compounds with published experimental heats 

of formation; Table 2 is a compilation of calculated heats of 

formation for 10 species for which experimental heats of 

formation are not available. Table 2 also includes calculated 

molar entropies, S o ,  and constant volume heat capacities, Cv, in 

order to facilitate the calculation of equilibrium constants and 

the approximate extrapolation of the results to other 

temperatures. 

In Table 1 the enthalpies of formation calculated via the 

standard B3LYP/6-31G(dIp) and G3(MP2)//B3LYP models as well as 
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the empirically adjusted variations are compared with the 

experimental values and contrasted with those of the previously 

cited report of Williams and WhiteheadJ. The mean absolute 

deviation (MAD) between the calculated and experimental heats of 

formation for all 14 compounds is 2 . 8 2  kcalhol. In what turns 

out to be an unanticipated coincidence, the MAD for the 

empirically adjusted B3LYP/6-31G(dIp) values is also 2.82 

kcal/mol. Although inclusion of empirical adjustments appears to 

make no difference, closer examination reveals a more interesting 

pattern. First, it should be emphasized that the empirical 

constants used here were taken unaltered from our previous study, 

which focused on amines and nitro compounds. If the eight azo 

and hydrazo compounds are excluded, the MAD of the remaining six 

is only 1.34 kcalhol, which is in close accord with our previous 

study and illustrates the merit of the adjustment scheme . The 

MAD of the separate set of eight azo and hydrazo compounds is 

3.94 kcal/mol. This suggests an inheren.t weakness in the 

B3LYP/6-31G(d,p) model that might benefit from introduction of a 

new “azo/hydrazo“ parameter. Indeed, if such a parameter were 

assigned a value of -3.94 kcalhol (corresponding to a greater 

than calculated stability), the MAD of the entire set of 14 

compounds would be reduced to 1.72 kcal/mol. We did not include 

this specific correction factor for azo/hydrazo because we felt 

that the correction parameter would be based on such limited data 

that it would give a false sense of fit quality. 
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The G3(MPZ)//B3LYP model is of higher accuracy than the 

B3LYP/6-31G(d,p) model , which comes at the expense of 

considerably greater computer resources. We have applied the 

G3 (MP2) //B3LYP model (both the original and adjusted versions) to 

several of the compounds reported here to determine whether the 

pattern of high AHfo for the azo and hydrazo compounds persisted. 

From the results listed in Table 1 it is apparent that original 

version of the G3(MP2)//B3LYP model is very good (a MAD of 1.67 

kcal/mol for the listed 11 compounds) and in keeping with our 

earlier study, the adjusted version is only slightly better. It 

is interesting to note that in both the original and adjusted 

versions the MAD of the hydrazo compounds are positive by 2 . 7 2  

and 1.72 kcal/mole, respectively. This is an improvement over 

the original and adjusted B3LYP/6-31G(d,p) models, but still 

large enough to point to the inherent difficulty of calculating 

the energies of azo and hydrazo compounds. 

9 

Finally, Table 1 includes the results of several 

calculations using the RHF/6-31G (d,p) model employed by Williams 

and Whitehead3 in their extensive compilation of heats of 

formation of azole, azines and benzazoles. Not surprisingly, the 

MAD is considerably greater than any of the MAD'S for the four 

B ~ L Y P / ~ - ~ ~ G ( ~ , P ) / G ~ ( M P ~ ) / / B ~ L Y P  models reported here. 

ISODESMIC EQUILBRIA 

The primary objective of this study was to develop protocols 

to estimate enthalpies of formation for species that incorporate 

very high levels of nitrogen; the first four entries in Table 2 

are representative of the target class. These species are 

sufficiently large to be beyond our resources for direct 
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G3(MP2)//B3LYP calculations. We turned to isodesmic equilibria 

as an alternate means for estimating their corresponding 

G3(MP2)//B3LYP energies. Another reason for exploring isodesmic 

equilibria is that they provide insights into the interactions of 

the structural subunits of the target class, and from these the 

possibility of designing new high energy species. In order to 

complete the isodesmic equations the B3LYP//6-31G(dI p) and 

G3(MPZ)//B3LYP valbes for the five species listed in Table 3 were 

calculated. 

First, consider the heat of formation of the unsubstituted 

3,3'-azodi-l, 2,4, 5-tetrazineI 4,  derived from two tetrazines and 

one diazine. In this calculation the corrected B3LYP/6-31G (d, p) 

energies were used. However, the final value result would be the 

same if uncorrected heats were used because corrections are atom- 

based and thus cancel. The enthalpy increment for the formation 

of the intermediate tetrazinyldiazine,5, is compared with the 

increment for the formation of 4 from 5 plus tetrazine. As 

required, the sum of the M H f  's of equations {Z) and (3) is 

equal to that of (1). 

2 (113.24) + 49.59 

4 

296.25 2 (-0.64) 

M H f  = 18.9 kcal/mol 

78 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
0
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



113.24 + 49.59 

5 

172 - 61 -0.64 

M H f  = 9.1 kcal/mol 

5 

172.61 + 113.24 

4 

296.25 -0.64 

MHf = 9.8 kcal/mol 

Note that the last two values are about equal, which is 

consistent with the hypothesis that fusion of each tetrazinyl 

unit with the diazine is approximately additive in enthalpy. If 

one accepts that the B3LYP/6-31G(d,p) AAHf of 18.9 kcal/mol 

derived for equation {l} carries over to that conversion 

evaluated using G3 (MP2) //B3LYP enthalpies, the derived 

63 (MP2) //B3LYP enthalpy of formation of the unsubstituted 3,3’ - 

azodi-1,2,4,5-terazine, 4 ,  is 300.4 (corrected) kcal/mol. The 

corrected B3LYP/6-31G(d,p) heat of formation of 4 is 296.3 

kcal/mol. It was shown previously‘ that a simple linear parametric 

scheme could be used to estimate an individual G3(MP2)//B3LYP 

heats of formation from the corresponding B3LYP/6-31G(d,p) value. 
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Application of this scheme gives an estimated G3 (MP2) //B3LYP heat 

of formation of 4 of 294.4 kcal/mol, in reasonable agreement with 

the value of 300.4 kcal/mol derived from the isodesmic approach. 

An independent test of the validity of this isodesmic 

approach is to compare the G3(MP2)//B3LYP heat of formation of 

the diazine 5 predicted from the B3LYP/6-31G(df p) enthalpies, 

with the actual calculated value of 173.17 (corrected) kcal/mol. 

From equation (2 ) .  and the enthalpies for tetrazine, diazine and 

hydrogen given in Tables 2 and 3, the predicted heat of formation 

is 173.64 (corrected) kcal/mol, in excellent agreement with the 

actual value. 

Having demonstrated that the isodesmic equilibrium method 

provides a reasonable route f o r  estimating G3(MP2)//B3LYP 

enthalpies, we now consider the enthalpy of formation of 1, the 

diamino derivative of 4 .  From the B3LYP/6-31G (d, p) enthalpies, 

the AHr =i M H f  = -9.9 kcal/mol. 

4 1 

296.25 2 (-6.59) 274 .SO 2 (-0.64) 

AAHI = -9.9 kcal/mol 

Combination of this MHI with the (estimated) 63 (MP2) //B3LYP 

enthalpy of formation of 4 and the calculated G3(MP2)//83LYP 

enthalpies for NH, and H2 gives an estimated G3(MP2)//83 enthalpy 

of formation for 1 of 271.3 (corrected) kcal/mol. This is a gas 
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phase enthalpy of formation and can not be compared directly with 

the measured solid phase heat of fofmation. The missing heat of 

sublimation will be considered in the next section. 

It is interesting to estimate the 63 (MP2) //B3LYP enthalpy 

of formation of 2 by the same procedure. 

296.25 2 (-9.05) 314.26 2 (-0.64) 

M H ~  = 34.8 kcal/mol 

Combination of this AAHf with the (estimated) G3 (MP2) //B3LYP 

enthalpy of formation of 4 and the calculated G3(MP2)//B3LYP 

entalpies for HN02 and H2 gives an estimated G3(MP2)//B3LYP 

enthalpy of formation of 2 of 317.5 (corrected) kcal/mol. 

Now consider the hypothetical disproportionation of two 3's 

to give 1 and 2 .  From a local molecular perspective this 

isodesmic reaction should have a AHr = 0.0. In fact, the B3LYP/6- 

31G(d,p) AHr is +5.2 kcal/mol. We attribute this non-zero 

enthalpy to the long range electrostatic interactions of the NH2 

and NO2 groups, repulsive in the case of 1 and 2 and attractive in 

3 .  This non-zero enthalpy demonstrates a limitation of the 

isodesmic equilibrium method. 
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HEATS OF FORMATION OF SOLIDS 

Electronic calculations give heats of formation in the gas phase. 

For comparison with experimental heats evaluated for the solids, 

the enthalpy of sublimation must be included. Politzer and co- 

workers have developed an ingenious scheme based on HF/STO- 

5G*//HF/STO-3Gf wave functions. Following Bader , they defined a 

molecular surface at the 0.001 au contour. The electrostatic 

potential on this surface was characterized in terms of its 

average deviation and its positive and negative variances. A 

balance parameter, a measure of the equality of these variances, 

was also defined. The heat of sublimation may then be 

approximated via a three-term linear equation that includes the 

square of the surface area and the square root of the product of 

the balance parameter times the sum of the positive and negative 

variances. A set of 34 experimental heats of sublimation were 

fitted with a standard deviation of only 2.5 kcal/mol. Rice and 

co-workers4 applied the Politzer model to their set of 68 high- 

energy nitrogen compounds (with readjusted parameters) and 

achieved a mean absolute deviation of 3.2 kcalhol. 

10 

11 

For the present study we developed a simpler procedure, 

based on the spirit of the Politzer work. The available 

molecular mechanics modeling program PCMODEL" calculates 

molecular surface areas(tota1 area and polar area) and volumes, 

based on atomic radii. In PCMODEL, polar area is the accessible 

surface area of each N, 0 and Halogen atom present. It was found 

that the following linear four-parameter equation fit the same 34 

compounds examined by Politzer with a standard deviation of 2 . 4  

kcal/mol. 
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= A + B * Vol + C (Polar area/Total area) t D XN02,s 

In this equation, the empirically adjusted parameters are (all in 

kcal/mol): A = -7.2586, B = 0.1331, C = 21.4466, and D = -4.5013. 

Without inclusion of the D term, the three nitro compounds in the 

data set deviated markedly (particularly TNT with its three nitro 

groups). When this model is applied to the Rice data set w i t h o u t  

adjustment of the parameters a mean absolute deviation of 3.0 

kcal/mol is found. Although this simple equation appears be as 

least as predictive as the Politzer model, it must be stressed 

that it is highly empirical and necessarily misses the electronic 

detail provided by the Politzer method. The advantage of the 

present model is that even for large molecules it takes less than 

a minute to draw a structure in PCMODE1, optimize the geometry 

and calculate the required volume and area terms. 

Using this equation the calculated heat of sublimation of 1 

is 3 2 . 3  kcal/mol. When this combined with the calculated gas 

phase heat of formation, the estimated solid phase heat of 

formation is 239.0 kcal/mol with a combined uncertainty of about 

5 kcal/mol. The reported solid phase experimental value is 206 

kcal/mol J ’. The large discrepancy between the calculated and 

measured solid state enthalpies of formation merits additional 

study. 

In the same manner the solid state enthalpy of formation of 

the dinitro analog, 2, was estimated to be 317.5 - 40.4 = 267.1 

83 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
0
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



kcal/mol; the enthalpy of formation of the amino-nitro 

derivative, 3, is 291.8 - 36.2 = 255.6 kcal/mol. 

INTERATOMIC DISTANCES 

To facilitate comparisons of the structures of species 

considered in the preceding sections, it is helpful to assign 

atom-numbers in a consistent (arbitrary) sequence, as illustrated 

below for the amino,nitro bis tetrazine. In Table 4,  distances 

are quoted in A 

units; angles in degrees, computed for the B3LYP/6-31G(dtp) 

energy-minimized structures. In the corresponding explanatory 

footnotes, experimental magnitudes obtained from electron 

diffraction or micro-wave measurements are designated in curly 

brackets. 

CONCLUSIONS 

This manuscript summarizes DET calculations of thermochemical 

and structural parameters for 14 species, for which enthalpies of 

formation are cited, iq the literature. Comparisons between the 

computed and experimental valuesprovide a measure of the reliance 
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one can have in the previously determined four-parameter 

correction scheme for minimizing deviations between experiment 

and theory. This scheme was then extended to eleven high- 

nitrogen based species f o r  which no experimental data are 

available. Thereby, enthalpies of formation, standard. state 

entropies (ideal gas: simple harmonic oscillators at 298.15K) and 

converged energy structures were derived. 

It is demonstrated that G3(MP2)//B3LYP enthalpies of 

formation can be reliably estimated from B3LYP/6-31G(dIp) 

enthalpies by use of corresponding isodesmic equilbria. 
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