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Tetrazane: Hartree—Fock, Gaussian-2 and -3, and Complete Basis Set Predictions of Some
Thermochemical Properties of NHg
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Optimized geometries, vibrational frequencies, conformation energies, heats of formation, and proton affinities
for tetrazane, IN—NH—NH—NH,, are determined using various-level ab initio methods. Consequences for
tetrazane’s role as a high-energy material are discussed.

Introduction sives and/or fuels; witness the recent interest in polynitrocubane
chemistry'® Therefore, we have conducted a study on the

According to Greenwood and Earnshawnitrogen and thermochemical properties of tetrazanetH! In particular, we
hydrogen make at least seven binary compounds, the most well- brop @ P ’

. - . . applied high-level Gaussian-2, Gaussian-3, and complete basis
known being ammonia, Nl Hyd_ra2|nMe,+ NI-_I“’ Is used asa  get (CBS) techniques to determine optimized geometries,
fuel, and the salt hydrazinium azide N3™) also qualifies conformational energy diagrams, heats of formation, and proton
as a binary N/H compound. Two other azide compounds, gy diag ' k P

hydrogen azide (HY) and ammonium azide (N4il3), are affinities.
in_cluded on the list, which is rounded out by diimic_n!e (also called ~4jculational Details
diazene), MH,, and tetrazene, #ll—N=N—NH,. Diimide and _ )
tetrazene were most recently isolatedHdhad been proposed Optimized parameters and single-point energy values were
as a reaction intermediate in the reduction of olefinic and determined with the GAUSSIAN 98 prograitiThe calculations
acetylenic bonds by Corey et?lts infrared spectrum was first ~ Were performed on an SGI Origin 2000 or Cray SV1 super-
probed by Van Thiel and Pimentel et S&ig.cryogenic matrices, ~ computer located at the Ohio Supercomputer Center in Colum-
and purportedly in solid form by Trombettin 1971. Its first ~ bus, Ohio. Depending on the goal of the calculation (i.e.,
unequivocal isolation was in 1972, when Wiberg, Bachhuber, Optimization of geometry, relative energy of conformations, heat
and Fischérthermally decomposed tosylhydrazide salts at low ©f formation, etc.), different methods and basis sets were used,
pressures<10~4 Torr) and condensed N at liquid oxygen which will be discussed in the appropriate section of the Results.
temperatures{183 °C). Later, Willis and Backshowed that ~ G2> G3/° and various CBS methods were utilized as
N.H, was relatively stable kinetically, decomposing in the gas Provided by the software.
phase with a half-life of several minutes. They suggested that
diimide might therefore be an important intermediate in hy-
dronitrogen chemistry. Since its isolation, several hundred The hydrocarbon equivalent of tetrazane is butane. The
studies on diimide have been published. structure of butane and the energetic consequences of its
Tetrazene was first isolated in 1975 by Wiberg, Bayer, and conformations is a major topic in first-year organic chemistry.
Bachhuber. Prepared at-78 °C, it is stabler than diimide but  In tetrazane, however, the lone electron pair on each nitrogen
still decomposes at temperatures higher thatCQ either by introduces the possibility of stereoisomerism at N2 and N3 of
reacting to N and NoH4 or isomerizing to ammonium azide. the chain. With two stereocenters, tetrazane can have a
The crystal structure of tetrazene-a90 °C® showed that the maximum of 2 = 4 stereoisomers. However, only three
trans isomer is formed exclusively. In fact, for both diimide stereoisomers exist as unique structures. Usingf® fabels
and tetrazene, thieansisomer has been characterized, but the adopted from organic chemistry, the three structures can be
cis isomer has not been conclusively isolated. labeled RS, (RR), and §S). The RR) and §S) stereoisomers
The fully saturated version of tetrazene is tetrazan#y-H are enantiomers of each other (i.e., nonsuperimposable mirror
NH—NH—NH,. Tetrazane has been postulated to be an inter- images), and so will have identical thermochemical behavior.
mediate in the decomposition of hydradmad was thoughtto  The R,S) stereoisomer is a diastereomer (i.e., a nonsuperim-
be isolated by Rice and Shert€iThey based their supposition  posable stereoisomer) to the other two isomers, and will have
on the decomposition of a hydrazine pyrolysis product, which a different thermochemical behavior. Since theY stereo-
decomposed into a 2:3 ratio of nitrogen and hydrogen. However, isomer is its own mirror image (a “meso” compound, to borrow
no other direct evidence was presented. More recently, tetrazanenomenclature from organic chemistry), it does not have an
has been postulated as an intermediate in the pulse-radiolysisenantiomer. Therefore, there are only two independent stereo-
induced decomposition of hydrazine by hydroxyl radidals. isomers of tetrazane. Whether or not two (or more) distinct
If tetrazane’s isolability ever is established, doubtless it will isomers would actually exist depends on the inversion barrier
belong to the class of high-energy compounds. This was at the stereocenters. We will consider the different isomers in
illustrated by DasentZ whose bond-energy analysis provided determination of minimum-energy structures and conformations,
an estimate oft+-89 kcal/mol for AH; [tetrazane]. New high- but not in the determination of other thermochemical quantities
energy compounds are of constant interest as potential explo-(differences which we expect will be minor).
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TABLE 2: Predicted Frequencies (cnt?), Intensities
(km/mol), and Approximate Descriptions of cis- and

trans-Tetrazane
cis-tetrazane transtetrazane
247 (3) NNNN bend 104 (14) NNNN bend
315 (99) NH wag 188 (139) NHwag
362 (53) NNNN def 203 (16) NNNN def
492 (1) NHNH wag 360 (7) NNNN bend
688 (22) NNN bend 559 (2) NNN bend
945 (32) NN str 1032 (20) NN str
Figure 1. Initial geometries ofis- (left) andtranstetrazane (right) 996 (66) NNN bend 1160 (35)  asym NN str
for geometry optimizations. These initial geometries are intended to igg? 82)1) NH 3&; 1111227 ((223)2) %ﬁvggg q
mimic minimum-energy hydrocarbon conformation. The relative posi- 1190 (30 I\?NNN t 1249 (2 NN st
tions of thee hydrogens on N2 and N3 are used to differentiateishe (30) asym str <) str
isomer from thetrans isomer 1240 (42) NHNHwag 1300 (25) NN str/Nhvag
: 1379 (27)  NNstr 1332(12)  NHNH def
1444 (5) NH twist 1491 (8) NH twist
1450 (10) NNH bend 1504 (1) NHNH twist

1621 (2) sym HNNH bend 1666 (1) asym HNNH bend
1743 (2) asym HNNH bend 1697 (9) sym HNNH bend

1831 (30) sym NHbend 1825 (29) asym Ntbend
1848 (13) asym Nkbend 1827 (53) sym N¥bend
3716 (2) sym NH str 3663 (14) asym NH str
3720 (5) sym NH str 3684 (1) sym NH str
3750 (4) sym NH str 3701 (2) sym Nistr
3773 (1) asym NH str 3702 (2) sym Nidtr
Figure 2. Optimized geometries of theis- (left) andtranstetrazane 3832 (4)  asym Nkistr 3791(2)  asym Nbistr
(right). Curiously, the optimized geometry of the stereoisomer originally 3832 (1) asym Nhlstr 3790 (2) asym Nistr
defined agis has the defining hydrogens on opposite sides of the central
N—N bond, whereas the stereocisomer originally definedrass has Table 2 lists the (unscaled) vibrational frequencies of each
the defining hydrogens on the same side of the centraNNbond. isomer, along with a rough description of each mode. Some of

the descriptions are rather rough, given the complexity of the
particular normal mode. There are no major differences in the
predicted vibrational spectra, although many of the modes in

TABLE 1: HF/6-31G* Optimized Geometric Parameters of
cis- and trans-tetrazane (C, Point Group)

parameter Cistetrazane transtetrazane the trans isomer are slightly lower in energy than the equivalent
r(N1-N2) 1411 1.437 mode in the cis isomer. There are near degeneracies in several
r(N2—N3) 1.391 1.409 of the modes, especially in the NH and Wstretches. Both
r(N1—H1) 0.998 1.004 : ) S . _
r(N1—H2) 1.002 1,003 stretching motions also exhibit symmetric and asymmetric
r(N2—H3) 1.001 1.006 counterparts; i.e., in the symmetric NH stretch, the tweHN
a(H1-N1-H2) 109.2 105.3 bonds (at N2 and N3) are stretching in-phase, while for the
a(N1-N2-N3) 111.9 105.6 asymmetric NH stretch, the two-\H bonds are stretching out-
oN1-N2—H3) 1111 105.3 of-phase. There are two nearly-degenerate normal modes for
ggm:m:mg:mgg g(l):g 1;2:(1) the symmetric NH stretch and the asymmetric Nlistretch. In

each localized normal mode, only one terminal Nkbrates
aH1, H2 bonded to N1; H3 bonded to N2; etc. All distances in A, substantially.

all angles in degrees. At this level of calculation (6-31G*), the similarity of the

Geometries and Conformational EnergiesStarting from two predicted vibrational spectra might preclude the independent
a classic “all-staggered” conformation, tHe $) conformation identification of the two separate isomers. However, the values
of tetrazane has the lone hydrogens on N2 and N3 on Oppositejﬂ Table 2 might help differentiate two different isomers in a
sides of the nitrogen backbone. We will refer to this as the trans Mixture, or the interconversion of isomers if tetrazane were
isomer of tetrazane. Th&R) [and §S)] conformation has the  isolated at low temperatures, as was claimed in the Bast.
N2 and N3 hydrogens on the same side of the N backbone; we Because tetrazane has all single bonds, there is the potential
will refer to this as the cis isomer. Figure 1 shows the initial for free rotation about each-NN bond. The presence of lone
geometries ofrans and cis-tetrazane that were used in the electron pairs on each nitrogen should make for an interesting
optimizations. potential energy surface (PES). Rather than consider the

Figure 2 shows the optimized geometriescaf andtrans complete potential energy surface, we will focus on the potential
tetrazane, as calculated using HF/6-31G* methods. In both casesenergy surface generated by rotation of the-INB bond, as
the chain backbone twisted in such a way as to apparently this should be different for the cis vs. trans isomer. (We expect
minimize the overlap of the lone electron pairs on each nitrogen. that the potential energy surface for terminal Nidtation will
The end result is thatis-tetrazane adopts a geometry in which be very similar to that for hydrazine.) Figures 3 and 4 show the
the hydrogens on N2 and N3 are trans to each other, whereagotential energy diagrams (calculated at the HF/6-31G* level)
transtetrazane adopts a geometry in which the N2 and N3 for rotation about the N2N3 bond fortrans andcis-tetrazane,
hydrogens are cis to each other. Both geometries were con-respectively. In both cases, the zero point on the energy scale
strained taC, point group symmetry (Symmetry elemeisnd is for the minimum-energy geometry, taken from Table 1. Both
C,). Table 1 lists the optimized geometric parametergief figures show a rigid scan, in which all geometric parameters
andtranstetrazane. None of the bond distances or parameterswere kept constant during rotation. Figure 4 also shows a PES
are out of the ordinary, although the bond anglesi$rtetrazane for a relaxed scan of the cis isomer, in which all other geometric
are slightly larger than normal for nitrogen centers. parameters were optimized during the scan. All attempts at



Thermochemical Properties ofsNg J. Phys. Chem. A, Vol. 105, No. 2, 200467

470 IO A LN LA N et A I L S I B B 50 e e B e LA A R B S B B B St B

447 ]

80 40 [

60 30 [

40
20

20

Energy above minimum, kJ/mol
Energy above minimum, kJ/mol

10

&||nlnnluullnunnlnnnll

0 P ST S S S N T SO A R T RS S U SO M i

0
-50 0 50 100 150 200 250 ) ) )
Figure 5. Inversion of the chiral center N2. The hydrogen atom that

H-N-N-N angle, degrees is inverting is the uppermost hydrogen atom in the minimum-energy

Figure 3. Potential energy surface ¢fanstetrazane rotation about ~ molecule, which iis-tetrazane. All of the molecules are pictured so
the central N-N bond. This plot is for a rigid scan. See text for that the left half of the molecule has the same orientation. While the

discussion. third energy level, at 25.4 kJ/mol above the minimuntrasstetrazane,
it is not in its minimum-energy conformation. The fourth energy level
100 T T T T T T shows that the molecule can reorient to a slightly more stables

tetrazane.
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absolutemaximum when the N2 and N3 lone electron pairs
eclipse each other. Rather, the absolute maximum on the
potential energy curve occurs when the lone electron pairs on
N1 and N4 approach each other. While the shape of this curve
is doubtless an artifact of the nonrelaxed character of the scan,
it does reinforce how the lone electron pairs affect the
conformational energy of tetrazane in a way not found in
saturated hydrocarbons.

The cis and trans stereoisomers of tetrazane can interconvert
by inversion at either N2 or N3, in a way analogous to the
inversion of ammonia. The final question to explore is whether
o ki L L L ! L L these two distinct stereoisomers of tetrazane exist, or if the

-50 0 50 100 150 200 250 barrier to inversion is small enough to make the question moot.
(At least two stereoisomers of tetrazane, tR&) and the §9),
must exist.) Starting with optimized cis isomer, the N2 hydrogen
Figure 4. Potential energy surfa_lces_ d[s—tgtr_azane rotation abou_t th_e was reflected through the NIN2—N3 plane to simulate
central N-N bond. The dotted line is a rigid scan, and the solid line inversion, a partial reoptimization was performed by varying
shows the surface for a relaxed scan. See text for discussion. ! 7

structural parameters on only half of the molecule, and this final

performing a relaxed scan for the trans isomer were unsuccessfuPPtimized geometry was used with the cis geometry in a QST2
because a chiral center would invert during the relaxed scan,iob (using HF/6-31G*) to find the maximum-energy intermedi-
generating the more stable cis isomer. However, we should beate between the two geometries. A reaction coordinate plot,
able to comment on the error in the PES for the trans isomer annotated with the relevant geometries, is shown in Figure 5.
using Figure 4 as a guide. Graphics of the extrema molecular The inverting hydrogen is located at the top right of the
geometries are superimposed on the energy plots. structures. An intermediate having planar local geometry about

There are some qualitative similarities. Maximum barriers N2 has an energy of 44.7 kJ/mol above the lowest-energy cis
to rotation for the cis and trans isomers are calculated as 8oconformation. As the hydrogen inverts completely, a metastable
and 95 kJ/mol, respectively, in the rigid scans. The barrier for trans conformation is found at 25.4 kJ/mol above the cis
the cis isomer reduces t065 kJ/mol for the relaxed scan. We conformation. A twisting of the other half of the molecule brings
suspect that the energy decrease upon relaxation of the tranghe structure to the minimum energy trans geometry, which lies
geometry would be larger in magnitude, but the absolute energyat 22.9 kJ/mol above the cis geometry. Thus we predict a 45
barrier should not be less than that of the cis isomer becausekJ/mol barrier for cis— trans conversion, and a 22 kJ/mol
the trans isomer is more sterically hindered. We therefore barrier for the trans— cis conversion.

Energy above minimum, kJ/mol
ES
<

[~
=)
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H-N-N-N dihedral angle, degrees

estimate that the energy barrier to rotation woulc~&5—80 Using simple activated-complex theory, we can use the
kJ/mol for transtetrazane. expression
These values compare with an experimental value-b9
kJ/mol for butané® While part of the difference is due to K, :Egte—AukaT
ni

calculational vs. experimental values, there should also be a
substantial effect due to the opposition of lone electron pairs
on N2 and N3. Fotranstetrazane, Figure 3 shows that the to estimate the (high-pressure) unimolecular rate constant for
highest conformational energy is found when the lone electron the inversion process. Hegandd! are the partition functions
pairs on N2 and N3 eclipse each other. However, the potential of the stable and transition state, respectively, At; is the
energy plot forcis-tetrazane (Figure 4) shows a relatiwat not activation energy barrier. Partition functions are automatically

h q
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calculated in as part of a frequency calculation in G9X, so the In this case AH; [N4Hg] was determined by a direct stoichio-
determination of the unimolecular rate constants is straightfor- metric combination of the calculated energies of the products

ward. For the reaction and reactants.
K To compare methods, Table 3 illustrates how accurate
cis-tetrazar= transtetrazan reactions 2 and 3 are in determining the heats of formation for
k NHs and NoH4. (The isodesmic reaction method for calculating
we estimateks = 3.5 x 10° s andk = 1.3 x 10 s1 at AHt is omitted.) For ammonia, the table shows good agreement
298.15 K. The equilibrium constant# ki/k, equals 2.7 1075 for most methods, with an average variance of 3.9 kJ/mol, or
at this temperature. less than 1 kcal/mol. The largest variances were 8.3 and 7.4

How do these inversion barriers compare with inversion kJ/mol for the CBS-QB3 method using the atomization
barriers for other trivalent nitrogen compounds? In a recent '¢action, and 8.3 kJ/mol for the CBmethod using the formal
review of trivalent nitrogen stereochemistry, Bach and Réban formation reaction. The three highest-cost methods (CBS-
list experimental and calculated inversion barriers for a range APNO, G2, and G3) all predicted slightly highéxt; than
of compounds. They note in particular the failure of low-level experiment, whereas the re_st of the methods generally spl_lt being
calculational method to accurately predict inversion barriers, @P0ve or below the experimental value HH; for ammonia.
and recommend at least a 6-31G* basis set to get reliable FOr hydrazine, th average variance is 7.4 kd/mol, still under
energies in HF calculations. (This is the method presented here.)the 2 kcal/mol limit, but almost twice as high as the variance
Ammonia’s experimental inversion barrier is 24.2 kJ/mol, for ammonia. In this case, the variance was almost always

whereas that for trimethylamine, N(GH, is 31.4 kJ/mol. positive, suggesting that these calculations and reactions might
Inversion barriers for compounds in which the nitrogen atom ©Overestimate the heat of formation of hydronitrogen compounds.
is part of a ring are larger: the barrier for aziridine;fGNH, Table 4 lists the heats of formation of tetrazane by reaction

the nitrogen analogue of ethylene oxide) is 79.8 kJ/mol. The and by method. Three of the values (the C§8ethod using
inversion barrier decreases as the ring size increases, approacteaction 1 and the original and modified CBS-4 methods applied
ing ammoniacal levels in six- and seven-membered cycloaliphat- to reaction 3) are rather lower than most of the predicted values,
ic compounds. The only multi-N compounds that Bach and which lie between 281 and 304 kJ/mol. Neglecting these three
Raban consider are triaziridinegy€loNR)s. They report an low values, the isodesmic reaction 1 generally predicts a slightly
HF/6-31G*-calculated barrier of 51.8 kJ/mol for (N§1Jennings lower AH; than the atomization reaction 2 or the heat of
and Boyd? report on diaziridinesdyclo-CHx(NR),) and triaz- formation reaction 3. With the exception of the three low values,
iridines in more detail and note that the substitution of nitrogens there is good agreement for the predictel; [N4He] among
for carbons in rings increases the inversion energy for eachthe calculational methods within each type of reaction used,
nitrogen, due to lone pair repulsion effects. However, larger with reactions 33 exhibiting a 7, 11, and 6 kJ/mol range in
groups attached to the nitrogens actually lower the inversion AHs, respectively. This consistency in result suggests that use
barrier, usually due to interaction between the groups and theof each reaction embodies some different systematic error (i.e.,
lone electron pair on the nitrogen. Thus, the inversion barriers experimental value oAHs or enthalpy of atomization, etc.) is
presented here are commensurate with barriers for otherinvolved. It is disturbing that the different reaction schemes are
compounds, including compounds that have adjacent nitrogens.not more consistent with each other. Schlegel and Sk&hcke
Heats of Formation. Using the HF/6-31G*-optimized geom-  reportedAH; for NHz, NHs, NoHa, N3Hs, and NiHg (triami-
etry of cis-tetrazane (the lower energy of the two stereoisomers) noammonia) using the G2 method based on a heat of formation
from Figure 2 as the initial geometry, high-level ab initio reaction and an atomization reaction, and found variations
calculations were performed to determine the heat of formation ranging from 1.7 to 3.7 kJ/mol between the two reactions. They
of tetrazane. G2, G3, and CBS methods were employed heredid not report heats of formation using an isodesmic reaction.
because of their well-documented ability to predict energies The respective G2 values fakH; [tetrazane] reported here
(within ca. <2 kcal/mol). mimic this level of agreement, although curiously the G3 values
Three different gas-phase chemical reactions were used todo not.
determine the heat of formation of tetrazane. The first is an  According to benchmarks;2® the CBS-APNO and —Q
isodesmic reaction defined to have the same number of bondsmethods are the most accurate complete basis set method (with
(N—H, N—N) on both sides of the reaction: CBS-APNO being the most computationally expensive as
. well). Since G2 and G3 theory are also promoted as high-
3NoH, = NyHe + 2NH, @) accuracy method$;16perhaps the best comparison would focus
on those four methods. The use of isodesmic and heat of
formation reactions provided the more consistent valuestf
[N4Hg], with ranges of 2.6 and 5.0 kJ/mol, respectively. The
4N (48) +6H (ZS)—> N,Hq (18) @) range among the four methods using the atomization reaction
is 12.0 kd/mol. Thus, a value of 298 10 kJ/mol (70.0+ 2.5
For these first two reactions, the enthalpy change for the reactionkcal/mol) would seem a reasonable value for el of
as written was first determined from the calculated energies of tetrazane. This is significantly lower than Dasent's estinate,
the species. Then, this enthalpy change was combined with theb@sed on approximations of bond energies, of 88.9 kcal/mol.
measured heats of formation forMy and NH; (for reaction This also compares to values of 74.3 kcal/mol (formation
129 or for N and H (for reaction?) in the proper stoichiometric reactlon-bas_ed) and 73.9 kcal/mol (atomization reaction-based)
ratios to determiné\H; [N4He]. The third reaction the heat of ~ for AH of triaminoammonia, the branched isomer oby, as
formation reaction as defined by the formation of a compound determined by Schlegel and Skancke.
from its elements under standard conditions: Table 5 lists the heats of formation for the first four “straight-
chain” compounds of the series;Mh,. For NsHs and NHe,
2N, + 3H, = N,H;g (3) only calculated values are available. Each homologue differs

The second is the reverse of the atomization reaction for
tetrazane:
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TABLE 3: Calculated AH; (kJ/mol) for Ammonia and Hydrazine
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reaction CBS-q CBS-Q CBS-40 CBS-4m CBQB3 CBS-APNO G2 G3
NHs
[2] —48.4 —38.9 —48.9 —49.2 —38.5 -44.8 -41.0 -44.0
[3] —54.2 —41.3 —40.5 —42.7 —43.4 -44.7 -44.7 -42.1
N2H,
[2] 105.4 105.1 84.0 84.7 105.7 99.3 102.9 99.3
[3] 101.1 104.8 102.1 99.6 100.4 101.2 99.7 104.8
TABLE 4: Calculated AH; (kJ/mol) for Tetrazane
reaction CBS-q CBS-Q CBS-40 CBS-4m CBQB3 CBS-APNO G2 G3
[1] 262.8 281.0 283.9 287.4 282.6 283.7 281.4 283.4
[2] 296.4 300.0 293.3 293.7 292.6 298.7 292.0 303.9
[3] 297.8 296.2 255.7 261.7 298.5 293.1 294.0 2911
TABLE 5: Trend in AH¢ for NyHp+o At 293 kJ/mol, the heat of formation of tetrazane is high but
compound AHr, kI/mol source not extremely so. We can compare it to the heats of formation
of cyanogen (74 kJ/mol), cubane (622 kJ/mol), and xenon
NH3 —45.9 expt! . . .
NoHa 05.4 expet trioxide (402 kJ/mol). Curiously, the heat of formation of
NaHs ca. 200 cal@ tetrazane is rather similar to the heat of formation of hydrogen
N4Hs 293 calc., this work azide, HN, another hydronitrogen compoundHs [HN3,l] =

from its neighbors by an NH unit. Accordingly, there should
be some trend in the thermodynamics of formation. Table 5
shows that, for what information is available, a trend has not
yet been established. The changeAR; going from NH; to
N2H4 is 141.3 kJ, from NH,4 to N3Hs is about 105 kJ/mol, and
from NzHs to N4Hg is about 93 kJ/mol. In comparison, for
normal aliphatic hydrocarbonsAH; dat&! show that the
differencein the heats of formation for CHand GHg is —9.2
kJ/mol, but thereafter the change AH; is fairly constant for
adjacent homologues at20.5 to —20.9 kJ/mol. That is, the
addition of a CH to any homologue changes itdH; by about
—20.5 kJd/mol, and this trend is firmly established by the addition
of asecondCH; to the parent homologue (i.e., GHThe data

for NpHn+2 suggest that the differencesAH; are approaching

264 kJ/mol, whereadH; [HN3,g] = 294 kJ/mol. (The boiling
point of hydrogen azide is 37C.) The potential applicability
of tetrazane as a high-energy material awaits information about
its kinetic stability and its condensed-phase density.

Proton Affinities. The proton affinity (PA) of a compound
is defined as the negative of th&H., for the gas-phase
acceptance of a proton:

B(g)+H'(@—~BH(g) —AH=PA (4

Proton affinity is a measure of how well a compound acts as a
base, and the information provides a useful comparison of the
chemical properties of related compounds. In fact, ammonia is
one of the historical standards used to establish a proton affinity
scale. According to Lias, Liebman, and Le¥fryse of ammonia

some constant change for each NH added, but that a constangs a standard is more tradition than good reproducible science
difference has not been established yet upon reaching the fourthque to variation in experimental values for PA (§Hwhich

member of the series. Given the limited number of data points,
it may be premature to predict what the difference\id; will

be, but if the difference continues to drop to 1/3 of its previous
value as we continue through the series, then the charngklin
would approach 8587 kJ/mol for subsequent NH additions,

has a selected value of 853.5 kJ/mol. Jdrsitas used the
CBS—Q method to calculate a PA for ammonia of 848 kJ/moal,
a relative error 0f~0.6% and well within the 2 kcal/mol limit.
Tetrazane has two different sites to bond with ah, N1
(equivalent to N4), and N2 (equivalent to N3). Because it is

and should be reached by the seventh or eighth member of theexpected that each site will have a different proton affinity,

series (NHg or NgH1g).
A comparison of the calculatedHy's of tetrazane and its

geometry optimizations were performed on }iNH),NHz™ and
NH_NHNH,"NH,. Proton affinities were determined by com-

branched isomer, triaminoammonia, show that the straight-chainparing electronic energies only; no correction for thermal
isomer is more stable by ca. 17 kJ/mol. This is in contrast with energies was made. Calculated PAs are listed in Table 6, for
the trends seen in hydrocarbons. Typically, branched isomerseach method and site of protonation. First, we comment on the
(more specifically, methyh-alkanes) arenorestable than their magnitude of the calculated PAs. Relatively speaking, they are
isomeric n-alkanes, by 69 kJ/mol. The presence of a lone extremely high, ranging between 1072 and 1112 kJ/mol. To
electron pair on each nitrogen is no doubt the culprit. Triami- put this in perspective, recall that PA [NHs a mere 853.5
noammonia is more structurally compact, bringing four lone kJ/mol. Also, in the list of proton affinities by Lias et &°f,
electron pairs into rather close proximity. In tetrazane, the lone the highest proton affinity listed is for N,N;NN'-tetramethyl-
electron pairs can be distributed farther apart in space; indeed,1,8-naphthalenediamine, whose PA is 1012 kJ/mol. (Indeed,
Figure 2 shows that the stable conformations of tetrazane orientmany nitrogenous compounds have PAs larger than, Nid
themselves to minimize lone-electron-pair repulsion. The ad- shown in ref 26.) Even inclusion of thermal energy corrections
dition of more lone electron pairs, making longer and longer would not bring the calculated PAs for tetrazane down to this
NnHn+2 chains, contributes to a progressively less stable value. Furthermore, Table 7 lists PAs oft» for comparison.
molecule, as indicated by the increaseAR. The PA for NH4 is very similar to that of ammonia, and the

TABLE 6: Calculated Proton Affinities (kJ/mol) for Tetrazane

Protonation site CBS-q CBS-Q CBS-40 CBS-4m CB3B3 CBS-APNO G2 G3
N1 1097 1094 1095 1106 1092 1112 1093 1094
N2 1085 1089 1085 1084 1085 1089 1072 1088
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TABLE 7: Trend of PAs for N nHy2 at temperatures low enough to inhibit inversion. The heat of
compound PA, kd/mol source formation of tetrazane was calculated as 28310 kJ/mol.
5 Tetrazane has two different sites for protonation and thus two
NH; 853.5 expt diff finiti h lculated d
NoH, 856 expts ifferent proton affinities. The PAs were calculated as 1085 an
NaHs ca. 866, 876 cale® 1094 kJ/mol. These are very large values and represent a large
N4Hs ca. 1085, 1094 calc., this work increment with respect to its homologues in th¢HN, > series.

PA for triazane is about 20 kJ/mol higher. (Note that triazane, ACkn0W|edg_ment- We acknoyvledge the_O_hio Supercom-
NHNHNH,, also has two distinct sites for protonation.) Our puter Center in Columbus, Ohio, for providing resources to
results show an increase in PA of over 200 kJ/mol when going perform this work.
from N3Hs to NgHe. Why this tremendous increase?
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