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The heats of formation of 1H-imidazole, 1H-1,2,4-trizazole, 1H-tetrazolegNCH, CH3N3, CH3NH2, CH,-

CHNO,, HCIO,, and phenol, as well as cations and anions derived from some of the molecules have been
calculated using ab initio molecular orbital theory. These molecules are important as models for compounds
used for energetic materials synthesis. The predicted heats of formation of the heterocycle-based compounds
are in excellent agreement with available experimental values and those derived from proton affinities and
deprotonation enthalpies tol kcal/mol. The predicted value for the tetrazolium cation differs substantially
from the experimental value, likely due to uncertainty in the measurement. The heats of formation of the
nitro and amino molecules, as well as phenol/phenolate, also are in good agreement with the experimental
values 1.5 kcal/mol). The heat of formation of GNj3 is predicted to be 72.8 kcal/mol at 298 K with an
estimated error bar of-1 kcal/mol on the basis of the agreement between the calculated and experimental
values forAH;(HN3). The heat of formation at 298 K of HClds —0.4 kcal/mol, in very good agreement

with the experimental value, as well as a W2 literature study. An extrapolation of the CCSD(T)/aug-cc-pV-
(Q,5) energies was required to obtain this agreement. This result suggests that very large bas@ugets (
cc-pV5Z) may be needed to fully recover the valence correlation energy contribution in compounds containing
elements with high formal oxidation states at the central atom. In additiondifgimictions are needed for the
geometry predictions. Dougla¥roll —Hess (DKH) scalar relativistic corrections for HGl@nd CIQ~ at

the MP2 level with correlation-consistent DKH basis sets were predicted to be large, likely due to the high
formal oxidation state at the CI.

Introduction

High material performance has been of prime importance in
the development and study of new energetic materials for
various applications. However, an emerging trend in the

energetic materials field has been the development of com-

pounds with a combination of properties, including stability,
high performance, reliability, safety, and low toxicttyonic

liquids (ILs) have been suggested as a potential framework for
new energetic materials as they inherently incorporate many of

these desirable propertié$ls are low melting organic-based

salts that have been developed as a class of alternative solvent

for a variety of applications due to the ease with which they
can be chemically manipulated to obtain a desired set of
properties As a potential class of energetic materials, ILs offer
high thermal stability, enhanced safety as they tend to be
nonvolatile in nature (although they may be combustjblend
lower melting points, thus avoiding handling issues that ac-
company solid materials. In addition, they add intrinsic perfor-

and, as such, are a natural framework for energetic materials,
as they have inherently high nitrogen contents. The hydrogens
on the parent ring systems can be readily substituted with a
variety of functional groups using routine chemical procedures,
thus making the number of structural variations for an IL
backbone nearly limitless.Subsitution of the rings with
energetic groups such as nitro, amino, and azido has been
suggested as a way to generate energetic precursors for ILs with
enhanced energetic properties due to the presence of these
substituents. For example, the introduction of amino groups is
gne of the simplest means to enhance the thermal stability of
an energetic materidlAdding these functionalities to the ring
typically alters the heat of formation making them more positive,
which is a desired characteristic for most energetic materials.
Subsequently, these heterocycles may be quaternized and paired
with energetic anions such as nitrate, picrate, or perchlorate to
prepare new energetic materials while at the same time
improving oxygen balanceHowever, substituting the hetero-

mance benefits since ILs typically possess higher densities tharCY¢!€ With electron-withdrawing groups such as nitro may result

molecular compounds due to Coulombic interactions, which tend
to favor more ordered structures both in the solid and liquid
phases (ion pairing)®

Many ILs have been synthesized using nitrogen-containing
heterocycles, including imidazole, 1,2,4-triazole, and tetrazole,

in decreased susceptibility to quaternization, due to decreased
ring basicity® Pairing of cations with the anionic counterparts
of the heterocycles, such as imidazolates, triazolates, and
tetrazolates, is another potential synthetic route to generate
energetic materials that has been studied.

In this work, we present the first part in a study focused on
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energetic salts on the basis of electronic structure calculations.
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We have recently shown that electronic structure methods canComputational Approach

succes;fully be used to study the formlat|on and stab|l!ty of For the current study, we used both the correlation consistent
energetic salts and IL&For such calculations, we need high- (cc-pVnZ)162L and augmented correlation consistent (aug-cc-

quality gas-phase heats of formatioAH;°), which we can pVnz)?22 basis sets for H, C, N, and @ & D, T, Q). Aug-cc-
obtain from ab initio electronic structure theory. This paper pV(n+d)Z basis sets, containing tightfunctions, were used
describes the prediction of reliable thermodynamic values of a ¢4 c| atom&3 in all calculations and will hereafter be referred
series of small molecules and iors«17) that can be used as 5 only as aug-cc-piZ. It has recently been shown that tight
a foundation to later construct larger molecules with energetic q functions are necessary for calculating accurate atomization
substitutents. energies for the second-row eleme#f&S Only the spherical
components (5d, 7f, 9g, and 11h) of the Cartesian basis functions

H H were used. All of the current work was performed with the
sy iNs N@z N, H\N;N{XH H\N;gz M NngﬁH MOLPRO suite of program& NWChem suite of progrant,

— HH H)5=N4 N, and Gaussian suite of prograf¥sAll of the calculations were

3

5 N4~

W, H W, s H done on a massively parallel HP Linux cluster with 1970
Itanium-2 processors in the Molecular Sciences Computing
H\NTNZ\N H\N,NzN H\N/NZN/H N,NZN Fapility in _the William R. Wiley Environmental Molecular
— : @Nf : )@N’ ® ‘eN/ ® Sciences Library or on the 144 processor Cray XD-1 computer
5 Woo b 5o system at the Alabama Supercomputer Center in Huntsville, AL.
6 7 8 i The geometries of the cationd, (7, 8) were optimized, and
H o H . H vibration_al frequencies were calqulated at the froze_n core MP2
o—nF N en4 “O\NA\(H leveP® with the cc-pVTZ correlation-consistent basis set. The
HA - H‘A Ny H g g geometries of the neutral, 3, 6, 10, 11, 13, 14, 16) and anions

(2, 5,9, 15, 17) were optimized, and vibrational frequencies
were calculated at the frozen core MP2 level with the aug-cc-

10 11 12 13
OH o~
o o H H H H PVTZ basis sets. The MP2-optimized geometries were used in
,(':L /&\ single-point CCSD(T)/aug-cc-pVnaE D, T, Q) calculations
0~ gﬁ o~ 59 M W H H of the valence correlation energy. The open-shell CCSD(T)
H H calculations for the atoms were carried out at the R/JUCCSD-
16 17 (T) level. In this approach, a restricted open-shell Hartree
Fock (ROHF) calculation was initially performed, and the spin
We can use isodesmic reactions to calculate the heats ofSOnstraint was relaxed in the coupled cluster calculaifof?

formation of larger molecules as the current approach based onThe orbitals were not symmetry equivalent in the atomic

CCSD(T)/CBS (complete basis set) extrapolations is currently tcr?(lcglsgol?rrsu t-Lheugi(riSQ(L)i;gzja:ainsrrwgelﬁtsiavl\;g:ues)g;pgjiﬁ%:10
computationally intractable. An empirical modeling approach f the form in Y 1 9 P

is then used to predict the lattice enerdffeend enthalpies of ot the Torm in-eq

energetic salts and ultimately estimate the heats of formation
of these materials in the solid state. This information is very

important in the assessment of experimental ddita existin
mp I Xper XISting | with n = 2 (DZ), 3 (TZ), and 4 (QZ), as first proposed by

materials as well as for the design of new, potentially usefu ; .
materialsl2 13 g P y Peterson et & This extrapolation procedure has been shown
h ' b iated with hat has b to yield atomization energies in the closest agreement with

We have been associated with a group that has beeng,oiment by a small measure as compared to other extrapola-

developing an approathto reliably calculate the thermody- tion approaches up through= 4. The CCSD(T)/CBS valence

namic properties of molecules, in particular heats of formation, energy and other corrections (described below) used for

be_tsed on ab initio mok_ecular orbital theory. Our approach in calculating the atomization energy of @H, (12) were taken

this work is based on this methodology for calculating the total from Feller and Dixo#* for the heat of formation calculation.

atomization energy of a molecule and using this with well- - single-point CCSD(T) calculations using aug-cc-pV5Z basis sets

known heats of formation of the constituent atoms to calculate \ere also run for CENO, (10), HCIO4 (14), and CIQ~ (15),

the heats of formation at 0 K. This approach starts with coupled and the energiesi= Q, 5) were extrapolated to the CBS limit

cluster theory, including a perturbative triples correction (CCSD- uysing an expression (eq 2) suggested by Helgaker and co-
(T)),X5 combined with correlation consistent basis Yetx- workerss

trapolated to the CBS limit to treat the correlation energy of
the valence electrons. This is followed by a number of smaller E(n) = Ecps + B/(Imax)’ 2)
additive corrections including core-valence interactions and

relativistic effects, both scalar and spiarbit. Finally, one must Equation 2 works well if aug-cc-pV5Z basis set (or higher)
include the zero-point energy obtained from theory, experiment, energies are available. Although eq 2 was originally proposed
or some combination. The standard heats of formation of for describing only the correlation component of the energy,
compounds at 298 K can then be calculated by using standardye have used it to fit the total CCSD(T) energy because the
thermodynamic and statistical mechanics expressibiihis Hartree-Fock component of the CCSD(T) energy is very nearly
approach has been used previously to calculate the heats otonverged for such large basis sets.

formation of a range of compounds including “Arguendo-type”  Core-valence correctiondEcy, were obtained at the CCSD-
carbenes and adducts containing the imidazole heterotycle, (T)/cc-pwCVTZ level of theory® Scalar relativistic corrections,

as well as many small Oy molecules that may play important ~ AEsg, which account for the changes in the relativistic contribu-
roles as oxidizing species in various energetic proce¥s8s. tions to the total energies of the molecule and constituent atoms,

14 15

E(n) = Ecgs + Aexp[—(n — 1)] + Bexp[- (n— 1) (1)
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were included at the MP2 level with the cc-pVTZ DK basis set TABLE 1: Calculated (MP2/aug-cc-pVTZ) and

and the spin-free, one-electron Dougtdgoll—Hess (DKH) Experimental Geometry? for 1H-Imidazole and
Hamiltonian3”-2° Most electronic structure computer codes do +H-1.2,4-Triazole
not correctly describe the lowest-energy spin multiplet of an  molecule parameter calcd eXptl  exptf
atomic state. Instead, the energy is a weighted average of the 1 N1—C2 1.362 1.364
available multiplets. For N in th¢S state, no such correction is N1-C5 1.372 1.377
needed, but corrections are needed for¥estate of C (0.08 N3—-C2 1.322 1314
kcal mol1), 3P state of O (0.22 kcal mot), and?P state of Cl N3—C4 1.373 1.382
(0.84 kcal mot?), taken from the excitation energies of Modfe. ﬁlll:ﬁs ll.ggg 3'93963
The calculated MP2/aug-cc-pVTZ (cc-pVTZ for cations) C—H (avg) 1.076 1.079
vibrational frequencies 0o1—17 were scaled to obtain zero- N1-C2—-N3 111.4 112.0
point energies (ZPEs). The calculated vibrational frequencies C2-N3-C4  105.2 104.9
of 1-11 and 13—17 are provided in Supporting Information. N3—-C4-C5 110.7 110.7
The vibrational frequencies of moleculés-9 were adjusted C4-C5~N1 105.0 105.5
. C5—-N1-C2 107.7 106.9
based on a scale developed for methaniniienhe CH stretches H—N1—C2 126.2 126.2
and bends and the NO stretches of 88, (10) were averaged H—N1-C5 126.2 126.9
with the experimental fundamentals, and the remaining frequen- H-C2-N1 1225 1225
cies were unscaled due to uncertainties in the experimental H—C2-N3 126.1 1255
assignment$! The entire set of vibrational frequencies of £+ ::gj:gg g%? g%g
(11) was averaged with the experimental fundamerfalghe H—C5-N1 1223 1219
calculated symmetric and asymmetric NO stretches of-CH H—C5-C4 132.7 132.6
CHNGO; (13) were scaled to CHNO, as determined above (scale 3 N1—-N2 1.344 1.381 1.380
factor= 0.972). The CC and CH stretchesi8were adjusted N1-C5 1.349 1.375 1.377
by 0.984 and 0.973, respectively, based on scale factors derived N2-C3 1.336 1.328 1.329
. : . . N4—C3 1.358 1.354 1.348
from C,H4 (experimental values in Supporting InformaUdﬁ). N4—C5 1.326 1.280 1.305
The OH and CIO stretches of HCJ@14) were averaged with N1—H 1.007 0.998 0.990
the experimental fundamentals, and the remaining frequencies C—H (avg) 1.076 1.078 1.054
were left unscaled due to good agreement with the experimental N1-N2-C3  101.6 102.7 102.7
values?* The CIO stretches of CIQ (15) were adjusted using N2-C3-N4 1152 113.0 113.8
. . C3—N4—-C5 102.7 106.8 105.7
a scaled_factor (0.980) derived from HGl@nd _the remaining N4—C5—N1 1095 109.0 108.7
frequencies were unscaled. The entire set of vibrational frequen- C5—N1—N2 111.0 108.5 108.9
cies of GHsOH (16) was averaged with the experimental H—N1—-N2 119.7 127.5 110.9
fundamentald® The CH stretches and the vibrations above 1000 H-N1-C5 129.3 124.0 140.2
cm? of the phenolate aniori{) were separately adjusted based H=C3-N2 1214 128.5 127.0
on scaling factors derived from1§) of 0.977 and 0.988, ::gg:m ggg i%gg i%gg
respectively. The remaining vibrations below 1000 ¢were H—C5—N4 1270 1205 1203

left unscaled.
. . aBond distances are in angstroms, and bond angles are in degrees.
By combining our computeBD, values with the known heats From microwave spectrosco%y; ref 473, ref 48.¢ Frgom gas-phasg

of formation &0 K for the elementsAH;°(H) = 51.63+ 0.001 electron diffraction: ref 49.
kcal mol1, AH¢°(C) = 169.98+ 0.1 kcal mot?, AH°(N) = i _ _
112.53+ 0.02 kcal motl, AH°(O) = 58.99- 0.02 kcal mot?, experlmental data refinement. The microwave and electron
and AH(Cl) = 28.59+ 0.001 kcal mot?),% we can derive diffraction structures are comparable, although the calculated
the AH¢° values &0 K for moleculesl—17 in the gas phase. results are in sllght_ly better agreement with the microwave
We obtain heats of formation at 298 K by following the Structure. The maximum parameter differences between the
procedures outlined by Curtiss et’al. calculated gnd microwave structures are O..046 A for the- N4
C5 bond distance and 4.%or the internal ring C3-N4—C5
angle. The external angles involving hydrogen atoms show much
larger angle differences. Experimental data for the structure of
The calculated geometries of moleculess, 10, 11, 13, 14, tetrazole 6) is unavailable possibly due to the existence of 1-H
and 16 are given in Tables 43 and compared to the and 2-H tautomers in the gas ph&8ealthough a microwave
experimental gas-phase structures determined from both mi-spectrum has been collecteld.
crowave spectroscopy and gas-phase electron diffraction. The The calculated structures of the nitro- and azide-containing
calculated structures for the remaining molecules and ions aremolecules 10, 11, 13) are shown in Table 2. The calculated
provided in Supporting Information as no experimental data are MP2/aug-cc-pVTZ structure of moleculsd, CHsNO,, is in
available. The structure details of the heterocycles imidazole excellent agreement with the experimental microwave struc-
(1) and 1,2,4-triazole3) are given in Table 1. The calculated ture52 with a maximum difference of 0.006 A and 0.6 the
MP2/aug-cc-pVTZ structureQ) for imidazole is in excellent ~ N—O and G-N—O bond distance and angle, respectively. The
agreement with the microwave structdf&he largest difference  torsion of the CH group is such that the ©N—C—H dihedral
in the parameters is 0.013 A for the €&5 bond distance and angle is O for one of the hydrogen atoms, although the methyl
0.8° for the C5-N1—C2 bond angle. rotation barrier is very low, as suggested by different ideal
Both a microwave structute and a gas-phase electron geometries at different levels of thedd/In the other nitro
diffraction?® structure for 1,2,4-triazole have been obtained, and compound, nitroethenel 8), similar excellent agreement was
both are compared to the calculated struct@g in Table 1. observed, with essentially no significant differences between
The calculated structure fa8 does not agree as well with  the calculated @s) and experimental microwave structufés.
experiment as found fod, probably due to difficulties in The calculated structur€f) of the remaining compound, methyl

Results and Discussion
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TABLE 2: Calculated (MP2/aug-cc-pVTZ) and
Experimental Geometry? for Nitromethane, Nitroazide, and
Nitroethene?

J. Phys. Chem. A, Vol. 110, No. 42, 20061893

TABLE 4: Calculated Energetic Contributions (kcal/mol) to
the Atomization Energy Based on CCSD(T)/CBS
Calculations (0 K)

molecule parameter calcd exptl

10 C—-N 1.485 1.489
N—-O 1.228,1.230 1.224
C—H (avg) 1.084
O—-N-0O 125.6 125.3
O—-N-C 117.8,116.6
N—C—H¢d 108.2(i), 107.2(0)  107.2

11 C—-N 1.474 1.483
N—N 1.234 1.231
N—Nerm 1.151 1.137
C—H (avg) 1.088 1.079
N—C—H¢d 106.4(i), 111.0(0)  109(i), 112(0)
N—N—N 173.3 173.1
N—-N-C 114.5 113.9

13 C—N 1.460 1.458
c-C 1.326 1.325
N—O 1.227,1.234 1.227,1.228
C—H (avg) 1.079 1.079
O—N-0O 125.5 124.9
O—N-C 119.0, 115.5 119.1,116.0
N—C—H¢ 112.1 112.1
N—-C-C 120.8 120.9
C—C—Hem  120.4,119.6 120.2,119.6

2Bond distances are in angstroms, and bond angles are in degree
b Calculated and experimental values for £, available in ref 34.
¢ From microwave spectroscopyt0, ref 52;11, ref 55;13, ref 549 (i)
= in plane; (0)= out of plane

TABLE 3: Calculated (MP2/aug-cc-pVTZ) and
Experimental Geometry? for HCIO 4 and Phenol

molecule  parameter calcd exptl

14 Cl-0 1.406, 1.416¢2) 1.404, 1.414¢2)
Cl-0 1.643 1.641
O—H 0.975 0.98
O-Cl-0  115.2(2),113.8 115.0¢2), 114.6
O—CI-O  105.0(2), 100.6 104.2¢2), 101.5
CI-O—-H 104.8 105.0

16 O—H 0.964 0.958
c-0 1.370 1.381
C—C (avg) 1.394 1.399
C—H (avg) 1.082 1.086
C-O-H 108.6 106.4
C-C-0O 122.6,117.1 121.2

2Bond distances are in angstroms, and bond angles are in degrees

b 14, combined gas-phase electron diffraction/microwave spectroscopy.
ref 56; 16, electron diffraction, ref 57.

azide (1), was in good agreement with experiment. Both
structures indicate the NNN segment is nonlinear, with an
average angle of 173.2The calculated terminal NN bond
distance is overestimated by 0.014 A, as is theNCdistance

by 0.009 A, compared to the experimental values from
microwave spectroscopy.

The calculated structures of HGJ@14) and phenol 16),
CsHgO, are given in Table 3. The experimental structurd®f
was derived from combined gas-phase electron diffraction and
microwave experiment®. The calculated structure (including
tight d functions on CI) of14 (C) is in excellent agreement
with the experimental data with no significant differences in

ccsp(m)
molecule CBS _AEZPE AECV AESR(DKH) AESQ zDo (OK)
1 946.56 —43.42 441 —133 —0.24 905.99
2 903.30 —34.99 4.08 —-1.26 —0.24 870.89
3 816.61 —36.48 3.62 —1.34 -—0.16 782.26
4 72191 —-44.75 3.84 —142 -0.16 679.41
5 778.93 —27.97 330 —-1.25 -—-0.16 752.84
6 666.63 —28.52 2.67 —1.24 —-0.08 639.47
7 561.34 —36.81 2.88 —1.33 —-0.08 525.99
8 560.75 —37.30 290 —1.38 —0.08 524.90
9 643.47 —20.47 240 —1.16 —0.08 624.16
10 599.42 —-31.13 185 —1.07 -—-0.52 568.55
11 616.44 —31.18 2.34 —0.93 -—0.08 586.59
1 580.85 —39.80 1.64 —0.60 —0.08 541.74
13 745.82 —34.15 291 —-127 —-0.60 712.71
14 335.35 —17.34 114 —-3.68 —1.72 313.76
15 342.87 —10.29 1.15 —-3.72 —1.72 328.29
16 1465.73 —64.44 698 —1.71 —0.70 1405.86
17 142256 —55.76 6.73 —-1.68 —0.70 1371.16
HN3 329.19 —13.15 129 —0.66 0.00 316.66

aFrom ref 34 and curremhEsg(DKH) calculation.

between theory and experiment for compoudds due to

“deficiencies in the experiment.

The total atomization energies and the components given in
eq 3 are reported in Table 4 for all of the molecules and ions

(1-17)
SD, = AE,.{CBS)— AE,p + AEg, + AEgr + AEg (3)

The atomization energy and its components for moled2e
were previously calculated but are included in Table 4 for
referencé* The scalar relativistic correction fdr2 has been
revised and corresponds to the DKH vaMdhe core valence
correction for the entire set of molecules ranges from 1.14 to
6.98 kcal/mol, and in general increases with the number of bonds
in the molecule or ion consistent with previous observatidns.
The scalar-relativistic correction for the majority of the mol-
ecules and ions is much smaller in magnitude, ranging from
—0.6 to —1.71 kcal/mol, excluding HCIQand CIGQ~. The
scalar relativistic correction for these latter two species is
substantially larger at 3.68 and—3.72 kcal/mol, respectively.
This can be attributed to the high7 formal oxidation state of
the chlorine atom in both cases, thus resulting in a higher
effective nuclear charge. Our scalar relativistic correction for
HCIO4 is nearly 1 kcal/mol more negative than the recent value
reported by Martin of—2.69 kcal/mol at the DK-CCSD(T)/
MTsmall level>®

The calculated heats of formation at 0 and 298 K are given
in Table 5. The heats of formation of 1H-imidazol§ &nd the
imidazolate anion Z) are in excellent agreement with the
experimental valué8to within 0.2 kcal/mol. The experimental
heat of formation of the imidazolate anion was derived from
the deprotonation enthalpy of the imidazole molecule of 350.1
+ 2.1 kcal/molé* The experimental heat of formation of'H
was taken to be 365.7 kcal/m®l.The calculated heat of
formation of the imidazolium cation, reported by Dixon and

the bond distances and angles. The calculated structure of phenohrduengo!8 of 171.6 kcal/mol is also in agreement with the

is in good agreement with gas-phase electron diffraction
structure®” The largest differences are observed in theCGC
bond distance (0.011 A) and-@—H angle (2.2). The overall
structure is planar witlCs symmetry. The excellent agreement
between the theoretical and experimental structured,fao,

11, 13 14, and16 suggests that the relatively poor agreement

experimental value of 172.2 2.0 kcal/mol derived from the
proton affinity of imidazole, reported as 22531.9 kcal/mol62
The calculated heats of formation of 1H-1,2,4-triaz8¥ (
1,4-H-1,2,4-triazolium4), and 1,2,4-triazolates] differ from
experimerf® by only 0.3, 0.2, and 0.5 kcal/mol, respectively.
The experimental heats of formation 4fand5 were derived
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TABLE 5: Calculated and Experimental Heats of
Formation at 0 and 298 K (kcal/mol)

Gutowski et al.

for 10, and the CCSD(T)/aug-cc-pV(Q,5)Z energies were
extrapolated to the complete basis set limit using eq 3. The heat

AH¢ (0 K) AH¢ (298 K) of formation calculated in this manner yielded a value-86.3
moleculefion  caled exptl calcd exptl kcal/mol for AH{(CH3NO;), 0.2 kcal/mol worse than the result
1 55 316 SLEEOF from eq 2. This suggests that hlgher-ordgr correla_ltlpn corrections
> 19.0 16.0 1628 2 e may be necessary for molecul®. This is surprising as the
3 50.2 46.4 46.1 0.2 calculated and experimental values for HN&gyree with each
4 204.7 199.8  200.& 2.¢¢¢ other to better than 0.5 kcal/mol and the value of the T
5 30.0 251 24.6t 2.3¢ diagnostié? is not large. The difference for GNO; is similar
6 83.9 80.2  79.9£10 to previous results for NOand HONO, using the same
7 249.0 2443 76.7+£0.7 approach, which differed from experiment .5 kcal/mol2°
8 250.1 245.4 The calculated heat of formation at 298 K of e\ (11) is
9 47.6 44.8 47.9t 3.1°¢ 72.8 kcal/mol. This is significantly more positive than the value
10 —-132 -145+01" -165 -17.9+0.1 of 57 kcal/mol reported by Franklin et @from electron impact
—19.3+03 experiments, as well as the calculated G2 value of 64.5 kcal/
11 75.9 72.8
12 14 —19402% —47 —54+0% mol of Rogers and McLafferty* The value of 75.9 kcal/mol at
13 12.6 95 oL 2k 0 K is in agreement with the lower level computed value of
14 5.6 28 -13 73.1 £ 3.0 kcal/mol estimated by Nguyen et’@lTo test our
2.4m -04n 23 approach, we also calculated the heat of formation of bing
15 :gg'gﬂ :gg'gﬂ —79.24 =140 the same approach (see Table 4). The calculated geometry
16 —17.2 —186+02 -21.6 —23.0+ 0.2 (Supporting Information) was in good agreement with experi-
17 —34.2 378 —38.7+ 2% ment’® The experimental frequencies of Hidre known!’” so
HN3 72.6 718100 710 70.3+ 1.07 we averaged the MP2 values (Supporting Information) with the

experimental ones to obtain the zero-point energy correction.
The calculated value fokH;(HN3) is 72.6 kcal/mol &0 K and
71.0 kcal/mol at 298 K (Table 5). The both values are in
excellent agreement with the experimental values of #1180
kcal/mol & 0 K and 70.3+ 1.0 kcal/mol at 298 K8 This
excellent agreement shows that our value forsR4should be
good to+1 kcal/mol.

Building on previous work? we have calculated the heats
of formation of CHNH, (12) at 0 and 298 K based on the
reported atomization energy. Our calculated valuesh# kcal/
mol at 0 K and—4.7 kcal/mol at 298 K using the thermal
correction from a MP2/aug-cc-pVTZ calculation are in excellent
agreement with the experimental values-df.9 and—5.4 kcal/
mol, respectivelf*7® The calculated heat of formation of
nitroethylene, CHCHNO, (13), of 9.5 kcal/mol at 298 K is
also in excellent agreement with the reported experimental value
of 9 + 2 kcal/mol obtained from group additivity consider-
ations8°

The heat of formation of HCIQ(moleculel4) was studied
by Martin using W1 and W2 theofsp.At the W2 level, Martin

2Reference 60° Reference 61¢Reference 467 Reference 62.
e Reference 63\ Reference 649 Reference 657 Reference 68.Ref-
erence 69! Reference 79 Reference 80.From CCSD(T)/aug-cc-
pV(D,T,Q) fit based on eq 2"From CCSD(T)/aug-cc-pV(Q,5) fit
based on eq 3! References 82 and 83Reference 84° Reference 85.
9 Reference 78.

from the reported deprotonation enthalpy of 344.2.1 kcal/
molf3 and the proton affinity of 211.8 1.9 kcal/mol of
molecule3,%? respectively.
The calculated heat of formation of 1H-tetrazot} &t 298
K of 80.2 kcal/mol is in excellent agreement with the reported
experimental value of 79.% 1.0 kcal/mof* but not the lower
value of 76.64 0.7 kcal/molf> A G3(MP2¥¢ calculation was
also performed?® giving a value of 82.8 kcal/mol consistent
with our CCSD(T)/CBS result, supporting the higher value. The
G3(MP2) heat of formation is in reasonable agreement with
our higher level value considering the usual error bar-@f
kcal/mol for G3(MP2) heats of formation. These comparisons
with experiment and consideration of the errors in each step of
the calculations lead us to assign error barst@fO kcal/mol
for the heats of formation. calculated the heat of formation at 298 Kigfto be—0.2 kcal/
The calculated heat of formation of the tetrazolate arion Mol which was revised to a best estimate-68.6 kcal/mol
of 44.8 kcal/mol is at the lower end of the experimental value after additional corrections. Martin noted the importance of tight
obtained from the deprotonation enthalpy of 333.38.1 kcal/ d functions in the basis set to account for the inner shell
mol 53 On the basis of the excellent agreement observed with Polarization in this molecul® By use of eq 2 for the
the 1H-imidazole and 1H-1,2 4-tetrazole heterocycles, these€xtrapolation with the aug-cc-pV(D,T,Q)Z energies, our heat
results suggest that the experimental deprotonation enthalpy isof formation at 298 K forl4is 2.8 kcal/mol, 3.4 kcal/mol higher
in error, and its accurate measurement may possib|y be than the value reported by Marﬁ"ﬁEXtrapOIation of the CCSD-
complicated by the existence of the 2H-tetrazole tautomer in (T)/aug-cc-pV(Q,5) energies using eq 3 lowers the heat of
the gas phas®:5” Experimental proton affinity measurements formation by 3.2 kcal/mol to-0.4 kcal/mol and is now in
for 1H-tetrazole in the gas phase are unavailable for Comparisonexceuent agreement with the results of Martin. Our result is in
to our heats of formation 6f and8, but these values are good Vvery good agreement with the reported experimental value of
to at least=1 kcal/mol. —1.5 kcal/mol determined from the heat of formation of the
The calculated heat of formation at 298 K of 4D, (10) liquid®? and its heat of vaporizatiof?,although no error bars
of —16.5 kcal/mol differs from two reported experimental values have been reported to the best of our knowledge. Our results
of —17.98 and —19.3 kcal/mdi® by 1.4 and 2.8 kcal, respec- and those of Martin do not support the experimental heat of
tively. The above calculated value at 298 K also includes a formation reported by Levy of-2.3 kcal/mol*
—0.19 kcal/mol correction to the thermodynamic partition We also performed a G3(MP2heat of formation calculation
function to account for hindered rotation following the method (results in Supporting Information) on HClQOwhich yielded a
of Pitzer and Gwinn as implemented by Schele§étA single- value of 9.5 kcal/mol at 298 K, nearly 10 kcal/mol higher than
point CCSD(T)/aug-cc-pV5Z calculation was also performed our CCSD(T)/CBS result. This clearly suggests that G3(MP2)



Energetic Materials Applications J. Phys. Chem. A, Vol. 110, No. 42, 20061895

theory has problems dealing with second-row elements. Our with the experimental values t&1 kcal/mol, indicating that
calculations suggest that heat of formation calculations of our calculated CkN3 heat of formation should have similar
molecules containing second-row elements in unusually high error bars. The heat of formation of HGJCderived from a
oxidation states may require very large basis setsa(g-cc- mixed Gaussian/exponential CBS fit of the CCSD(T)/aug-cc-
pV52) to fully recover the valence correlation energy contribu- pV(D,T,Q) energies, differed from the experimental value of
tion. In addition, geometry optimizations of these molecules also —1.5 kcal/mol by+4.3 kcal/mol. By use of an extrapolation of
require basis sets containing additional tigtitinctions, as has ~ the CCSD(T)/aug-cc-pV(Q,5) energies, the heat of formation
been observed by Martf},as well as by us. is improved by 3.2 kcal/mol and differs by ontyl.1 kcal/mol

Following our procedure for HCIQusing egs 2 and 3, the  error from an experimental value for which no error bars are
calculated heats of formation at 298 K for GIQ(15) are—62.6 available. The results for HClOand CIQ~ strongly suggest
and —66.0 kcal/mol, respectively. We prefer the latter more that extrapolation based on only aug-cc-pV(D,T,Q) energies for
negative value based on the above analysis ¥dr The molecules with high formal oxidation states of the central atom
experimental heat of formation79.2+ 14 kcal/mol (the error may be insufficient and that larger basis sets are required. In
bar is likely greater due to the unreported error bar on the addition, consistent with literature results, tighfunctions are
experimental heat of formation of HC{Dfor the perchlorate  necessary to properly describe the geometry due to the high
anion was derived from the reported gas-phase acidity of 288.0degree of inner shell polarization. Large DKH scalar relativistic
+ 14.0 kcal/mol for HCIQ.85 Our calculated value strongly — corrections are also predicted for HGl@nd CIQ ™~ at the MP2

supports an acidity at the higher end of this error rang@0(l.2 level with correlation consistent DKH basis sets.
kcal/mol) and suggests that the intrinsic gas-phase acidity is
too low and should be remeasured. Acknowledgment. This work has been supported in part
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