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The possible existence of FN5 was studied by ab initio electronic structure theory. Calculations were carried
out at the MP2/6-31+G(d) and CCSD(T)/aug-cc-pVDZ levels of theory for the N5

+AsF6
- ion pair and its

decomposition to FN5 and AsF5. Six different vibrationally stable isomers of FN5 were identified. Intrinsic
reaction coordinate (IRC) and dynamic reaction path (DRP) calculations were used to study the isomerization
of FN5 and its decomposition to FN3 and N2. A Rice-Ramsperger-Kassel-Marcus (RRKM) analysis was
performed, indicating upper limits to the lifetimes of the FN5 isomers in the nanosecond range. These theoretical
predictions were confirmed by an experimental study of the thermolyses of N5AsF6 and [N5]2SnF6 and the
displacement of FN5 from N5SbF6 with CsF, using FT-IR spectroscopy. In accord with the theoretical
predictions, the primary reaction product FN5 could not be observed, but its decomposition products FN3,
F2N2, and NF3 were identified.

Introduction

Polynitrogen compounds are of great interest as high-energy
density materials (HEDM).1-5 Although theoretical studies have
predicted numerous kinetically stable polynitrogen compounds,4

almost all attempts to synthesize them have failed due to their
very high endothermicities, low energy barriers toward decom-
position, and a lack of suitable synthetic methods. The high-
energy content of polynitrogen compounds arises from an
unusual property of nitrogen that sets it apart from most other
chemical elements. Its single and double bond energies are
considerably less than one-third and two-thirds, respectively,
of its triple bond energy. Therefore, the decomposition of
polynitrogen species to N2 is accompanied by a large release
of energy.1

Recently, the N5+ cation has been synthesized and character-
ized.1,2 It represents only the second known homonuclear
polynitrogen species after N3-,6 which is stable and can be
prepared on a macroscopic scale. Its bent structure ofC2V
symmetry (Figure 1) was established by a crystal structure
determination of N5+Sb2F11

- and vibrational and NMR spec-
troscopy, and is in accord with ab initio and density functional
theory (DFT) calculations.1,2,7 The bent structure avoids the
unfavorable neighboring positive charges that would result from
a linear structure.1

Most salts consisting of an X+ cation and a complex fluoro
anion, MF6

-, are prepared by the transfer of an F- anion from
the parent FX molecule to the strong Lewis acid MF5 (eq 1).

Usually, this reaction is reversible and the FX molecule can be
regenerated by either thermolysis of X+MF6

- or a displacement
reaction between X+MF6

- and a stronger Lewis base, such as

CsF (eq 2). Only a few X+MF6
- salts are known for which FX

cannot be generated in this manner. Typical examples are the
NF4

+,8 ClF6
+,9 and BrF6

+ 10 salts where the corresponding FX
parent compounds cannot exist because the maximum coordina-
tion number of the central atom would be exceeded.11 The
reverse case, where an amphoteric FX molecule exists but the
corresponding X+ cation does not, is also known but rare. A
typical example is FN3, which does not form a stable N3

+ salt
with strong Lewis acids.12

The availability of several marginally stable N5
+ salts, such

as N5
+AsF6

-,1 N5
+SbF6

-,2 and [N5]+
2[SnF6]2- 13 that can be

readily subjected to thermolysis or displacement reactions,
offered an ideal opportunity to probe the possible existence of
the unknown FN5 molecule. While carrying out the theoretical
study, we have also investigated the potential energy surfaces
of the N5

+AsF6
- ion pair and its FN5 decomposition product to

better understand the likely structure and stability of this new
polynitrogen species.

FX + MF5 S X+MF6
- (1)

Figure 1. N5
+ resonance structures.

X+MF6
- + CsFf FX + CsMF6 (2)
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Experimental Section

Caution! Reactions of N5+ salts can beViolent and can result
in explosions,1,2 particularly when highly shock sensitiVe FN3

12,14

is formed as a decomposition product. Therefore, these materials
should be handled only on a small scale with appropriate safety
precautions (face shield, leather gloVes, and protectiVe clothing).

Materials and Apparatus. All reactions were carried out in
a demountable Teflon-PFA condensing sidearm of a 5 cmpath
length, Teflon-FEP infrared cell equipped with AgCl windows.
Nonvolatile solids were loaded in the dry nitrogen atmosphere
of a glovebox into the sidearm of the IR cell. The cell was then
evacuated and placed into the FT-IR spectrometer. The decom-
position or displacement reactions were initiated by gentle
warming, and the volatile decomposition products were continu-
ously monitored by infrared spectroscopy using a Mattson
Galaxy FT-IR spectrometer. Volatile materials were handled
on a stainless steel/Teflon-FEP vacuum line.15

The N5
+AsF6

-,1 N5
+SbF6

-,2 and [N5]+
2[SnF6]2- 13 starting

materials were prepared by literature methods. The CsF (KBI)
was fused in a platinum crucible, transferred while hot into the
drybox, and finely powdered.

Computational Methods

Initial optimizations of all structures were performed using
second-order perturbation theory (MP2)16 and the 6-31+G(d)
basis set.17 Hessians (energy second derivatives) were calculated
for the final equilibrium structures to determine if they are
minima (positive definite Hessian) or transition states (one
negative eigenvalue). At the final MP2/6-31+G(d) geometries,
improved relative energies were obtained using singles and
doubles coupled cluster theory with triples included perturba-
tively (CCSD(T))18 and the aug-cc-pVDZ basis set.19 The MP2
calculations were performed using the electronic structure code
GAMESS,20 and the CCSD(T) calculations were carried out
using ACES II.21

Intrinsic reaction coordinate (IRC) pathways22 were employed
in the study of the FN5 species to connect isomer minima,
transition states, and decomposition products. The IRC is the
minimum energy path (MEP) in mass weighted Cartesian
coordinates. IRC calculations were performed with GAMESS
using the second-order method developed by Gonzalez and
Schlegel23 with a step size of 0.1 (amu)1/2 bohr.

A simple Rice-Ramsperger-Kassel-Marcus (RRKM) analy-
sis was performed on the isomers included in the potential
energy surfaces obtained with the IRC calculations. The RRKM
theory of reaction dynamics can be used to give an upper limit
to the lifetime of the minima.24 It assumes a microcanonical
equilibrium and a locally separable reaction coordinate. The
microscopic rate constant is proportional to the sum of states
of theith reaction channel (WN

i(E - E0
i)) divided by the reaction

density of states (FN):

wherek is the rate constant,νi is theith frequency of the minima,

νi
TS is the ith frequency of the transition state,E is the applied

energy, andE0
barrier is the barrier energy. Note that the lifetime

τ ) 1/k.
Finally, to further study the decomposition and stability of

several FN5 isomers, the dynamic reaction path (DRP) method
was used to add photons (kinetic energy (KE)) to one or more
FN5 vibrational normal modes.25 The DRP method, a classical
trajectory approach, is based on a quantum chemical potential
energy surface (PES) that need not be known ahead of time.
Unlike the IRC, energy is strictly conserved along the dynamic
reaction path. Thus, larger step sizes can be used. In this way
a classical trajectory is developed “on-the-fly” without prior
knowledge of the PES. GAMESS can use normal modes as the
initial dynamic reaction coordinates. An initial KE and velocity
direction is supplied to one or more modes (in units of quanta).26

The strategy is to provide energy to those modes that appear to
lead to desired reaction products. Because there is often
significant mode-mode mixing, the applied energy is usually
in excess of the reaction/decomposition barrier. This is a direct
dynamics method in that the ab initio (in the present case, MP2)
gradients/forces are calculated at each step and are then used
to solve Newton’s equations of motion and propagate the
system. Step sizes ranged from 0.1 to 0.2 fs, depending on how
well energy conservation criteria were satisfied.

Results and Discussion

N5
+AsF6

- Ion Pair. The starting points for the calculations
were the AsF6- and N5

+ ions separated by a distance of∼10.0
Å, in C1 symmetry, followed by a complete geometry optimiza-
tion. The resulting ion pair is shown in Figure 2a. At the MP2/
6-31+G(d) level of theory, the ion pair is 98.8 kcal/mol lower
in energy than the separated ions (Table 1).

MP2 Mulliken charges on the N5+ and AsF6- units within
the ion pair show that the charge separation is(0.825; thus,
there is relatively little charge transfer between the ions. In
comparison with the separated ions (Figures 2b and 3b), the
N5

+ unit in the ion pair has a less negative charge on the central
N by approximately 0.3, whereas the terminal N atoms are about
0.2 less positive than in the isolated N5

+ ion. In the case of
AsF6

- in the ion pair, all As-F bonds except for the bond
opposite to the N5+ unit have been elongated by about 0.085 Å
(Table 2). This effect can be explained by the partial removal

Figure 2. Optimized ion pair, [N5]+[AsF6]-: (a) bond distances (Å)
and angles; (b) Mulliken charges.

k ∝ WN
i(E - E0

i)/FN(E) (3)

k )

∏
i)1

3N-6
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TS
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E
)3N-7

(4)
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of an electron from bonding orbitals. It is interesting to note
that the bond distances in N5

+ do not exhibit a similar effect
and are essentially unchanged.

In isolated N5
+, the central N has a large negative charge

(Figure 3b). This charge is reduced by a factor of 2 in the ion
pair. All other N atoms are positive, with the terminal N atoms
being most positive. This type of charge distribution can be
rationalized by the valence bond structures1,2,27given in Figure
1. It must be kept in mind, however, that the magnitude of the
charges varies strongly with the calculation method, although
their signs and relative order remain the same. Thus, at the NBO
(B3LYP/aug-cc-pVDZ) level of theory, the charges on N1, N2,
and N3 are significantly smaller and amount to+0.33,+0.22,
and-0.11, respectively.28

As can be seen from Figure 2a, the closest N-F distances in
the ion pair are N2-F8 ) 2.26 Å and N4-F8 ) 2.34 Å. They
are much longer than a typical N-F bond (∼1.3 Å),29 but
significantly shorter than the sum of their van der Waals radii
(3.0 Å)30 and the shortest N‚‚‚F contacts observed in the crystal
structure of N5

+Sb2F11
- (2.72 and 2.78 Å).2

Because there is still a large charge separation between the
components of the ion pair, it is of interest to consider how
much energy would be required to transfer F- from AsF6

- to
N5

+ to make gaseous AsF5 and FN5. At the MP2/6-31+G(d)
level of theory, the ion pair is 46.5 kcal/mol lower in energy
than the separated AsF5 and bifurcated(bif)-FN5 molecules,

indicating that it takes at least this much energy to transfer F-

from AsF6
- to N5

+ to makebif-FN5 and AsF5 (Figure 4). Thus,
the ion pair is reasonably stable to dissociation to gaseous AsF5

andbif-FN5. Because an ion pair is only a poor approximation
to a crystalline solid, the 25.5 kcal/mol difference between the
lattice energy of N5+AsF6

- (124 ( 4 kcal/mol)31 and the ion
pair energy (98.8 kcal/mol) must be added to the above
minimum decomposition energy barrier of 46.5 kcal/mol when
the thermal stability of solid N5AsF6 is considered. The resulting
minimum decomposition energy barrier of 72.0 kcal/mol for
crystalline N5AsF6 is in accord with the experimental observa-
tion that this salt is marginally stable at room temperature.1 The
experimentally observed irreversible decomposition of N5AsF6

at higher temperatures1 is due to the subsequent rapid, highly
exothermic, and irreversible decompositions of FN5 and FN3

(see below).
In addition to the [AsF6]-[N5]+ structure discussed above, a

geometry search revealed a second, lower energy isomer. This
C2V structure is obtained from the structure shown in Figure 2a
by rotating the [AsF6]- anion so that the As6, F7, and F8 atoms
are coplanar with [N5]+. TheC2 rotation axis then passes through
atoms N3 and As6. The second symmetry plane contains N3,
As6, and F9-F12 with F9 and F11 pointing toward the [N5]+

cation and F10 and F12 pointed away from it. Some of the
distinguishing features of thisC2V geometry are the As-F
distances (As-F7,8 ) 1.75 Å; As-F9,11 ) 1.81 Å; As-F10,12)
1.72 Å); the N1-F8 (N5-F7) distance is 2.80 Å. The F9-N2,
F9-N4, F11-N2, and F11-N4 distances are each 2.47 Å. The
geometry of the [N5]+ cation is virtually identical to that in
Figure 2a. This second bifurcated isomer is∼10 kcal/mol lower
in energy than the structure shown in Figure 2a, most likely
because of the electrostatic interactions between four F atoms
with N. However, the higher energy structure is more likely to

TABLE 1: Energies (hartrees), Zero Point Energy (ZPE)
Corrections, and Relative Energies (kcal/mol) for Ion Pair,
Separated Ions, and Separated Neutrals (reference) ion
pair)

molecule E(MP2/6-31+G(d)) ZPE (kcal/mol) relative energya

N5
+AsF6

- -3102.913474 23.3 0
N5

+ -272.602102 12.4
AsF6

- -2830.15549 9.9
N5

+ + AsF6
- -3102.757592 22.3 98.8

FN5 (bifurcated) -372.481754 14.0
AsF5 -2730.358788 8.6
FN5 + AsF5 -3102.840542 22.6 46.5

a Includes ZPE correction.

TABLE 2: Bond Distances and Angles for Ion Complex and
Separated Ions (Refer to Figures 2a and 3a)

distances (Å) angles (deg)

Ion Complex
N1-N2 1.144 N2-N3-N4 113.56
N2-N3 1.305 F10-As6-F8 86.88
N3-N4 1.312
N4-N5 1.144
As6-F7 1.722
As6-F8 1.843
As6-F9 1.843
As6-F10 1.843
As6-F11 1.843
As6-F12 1.843
N1-F8 2.720
N2-F8 2.258
N3-F8 2.737
N4-F8 2.338
N5-F8 2.879

N5
+

N1-N2 1.143 N2-N3-N4 110.17
N2-N3 1.313 N1-N2-N3 167.15
N3-N4 1.313
N4-N5 1.143

AsF6
-

As-F 1.758 F-As-F 90.0

Figure 3. Separated Ions, N5+ and AsF6-: (a) bond distances (Å) and
angles; (b) Mulliken charges.
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yield the neutral species AsF5 + FN5. In either case, the ion
complex is clearly much lower in energy than the separated
neutrals.

FN5 Isomers.Because the F- ion can attach itself in different
ways to the three different nitrogen atoms of N5

+, it is necessary
to explore the different possible isomers of FN5 and their relative
energies and stabilities. An exhaustive study was performed,

and six stable isomers were found. Their relevant energies and
geometries are listed in Tables 3 and 4, respectively. Optimized
structures were obtained for each isomer and Hessians con-
firmed that these structures are minima on the potential energy
surface. The relevant geometrical features are summarized in
Figure 5 and Table 4. The N-F and N-N bond lengths are
similar for all isomers except for the bifurcated isomer (1) and
the cyclic structure (6). All isomers are planar molecules. Both
MP2 and CCSD(T) calculations predict the cis and cyclic
isomers to be among the lowest energy species. Indeed, except
for the bifurcated isomer, the two levels of theory predict similar

Figure 4. Relative energy diagram (kcal/mol): ion pair, separated ions, and separated neutrals (reference) ion pair). Energies: MP2/6-31+G(d).
FN5 ) bifurcated FN5 isomer.

TABLE 3: Energies (hartrees), ZPE Corrections (kcal/mol), and Energies Relative to the cis (2) Isomer (kcal/mol) for FN5
Isomers, Transition States, and Decomposition Products, FN3 + N2

molecule E(MP2/G)a ZPE E(CCSD(T))b ∆E(MP2/G)d ∆E(CCSD(T))d ∆E(MP2/aug)c,d

bifurcated (1) -372.48175 14.0 -372.62048 -1.1 10.5 -1.4
cis (2) -372.47998 14.0 -372.63717 0 0 0
trans (3) -372.47509 14.0 -372.63252 3.1 2.9 3.3
harp (4) -372.47275 13.5 -372.62892 4.0 4.7 3.7
wag (5) -372.47104 13.7 -372.62794 5.3 5.5 4.8
cyclic (6) -372.48349 15.7 -372.64098 -0.5 -0.7 -4.2
TS2pe -372.44101 11.3 -372.61175 21.8 13.2 21.6
TS14e -372.45042 13.1 -372.6048 17.6 19.4 16.7
TS42e -372.46467 13.8 -372.62343 9.4 8.4 9.2
TS4pe -372.45809 11.8 -372.62459 11.5 5.7 10.6
FN3 -263.29092 8.3 -263.40485
N2 -109.26193 3.1 -109.3007
FN3 + N2 -372.55285 11.4 -372.70555 -48.3 -45.5 -46.0

a Basis set) 6-31+G(d). b Basis set) aug-cc-pVDZ.c Basis set) aug-cc-pVDZ.d Includes ZPE correction.e TS notation: TS2p) cis(2) f
FN3 + N2. TS14) bifurcated(1)f harp(4). TS42) harp(4)f cis(2). TS4p) harp(4)f FN3 + N2.

TABLE 4: Distances, Angles, and Dihedral Angles for FN5
Isomers-MP2/6-31+G(d) (Refer to Figure 5)

distances (Å)

isomer N1-N2 N2-N3 N3-N4 N4-N5 F-N1 F-N2 F-N3 F-N4

bifurcated 1.166 1.339 1.308 1.147 1.837 2.459 2.179
cis 1.239 1.396 1.279 1.152 1.452
trans 1.251 1.404 1.275 1.152 1.416
harp 1.233 1.362 1.293 1.157 1.495
wag 1.253 1.393 1.285 1.156 1.412
cyclic 1.318 1.337 1.351 1.337 1.345

angles (deg)

isomer F-N1-N2 N1-N2-N3 N2-N3-N4 N3-N4-N5

bifurcated 137.78 109.38 160.37
cis 112.16 117.42 107.54 169.77
trans 107.39 107.33 170.27 104.98
harp 129.23 119.27 162.54 112.42
wag 106.25 112.88 114.85 169.22
cyclic 121.29 101.59 109.70 109.70

dihedral angles (deg)

isomer F-N1-N2-N3 N1-N2-N3-N4 N2-N3-N4-N5

bifurcated 180 180 180
cis 0 180 180
trans 180 180 180
harp 0 0 180
wag 180 0 180
cyclic 180 0 0

TABLE 5: Distances, Angles, and Dihedral Angles for FN5
Transition States-MP2/6-31+G(d) (Refer to Figure 6)

distances (Å)

molecule N1-N2 N2-N3 N3-N4 N4-N5 F-N1 F-N2 F-N3 F-N4

TS14 1.144 1.315 1.356 1.16 2.022 2.351 2.716 2.049
TS2p 1.248 1.27 1.675 1.138 1.489
TS42 1.230 1.448 1.264 1.155 1.495
TS4p 1.242 1.264 1.563 1.142 1.509

angles (deg)

molecule F-N1-N2 N1-N2-N3 N2-N3-N4 N3-N4-N5

TS14 91.62 150.36 107.04 145.03
TS2p 107.44 125.92 106.07 150.15
TS42 113.49 118.76 109.55 171.99
TS4p 108.68 138.9 113.77 152.47

dihedral angles (deg)

molecule F-N1-N2-N3 N1-N2-N3-N4 N2-N3-N4-N5

TS14 0 0 180
TS2p 0 180 180
TS42 7.33 -92.57 -172.06
TS4p 0 0 180

Existence of FN5 J. Phys. Chem. A, Vol. 107, No. 34, 20036641



relative energies (Table 3). Note that the MP2 results are not
very basis set dependent. The cis, trans, wag, and harp isomers
are all within a few kcal/mol of each other and can be easily
interconverted by simple rotations around the N3-N4 and N4-
N5 bonds. The more accurate and reliable CCSD(T) method
places the bifurcated isomer 3-11 kcal/mol above the other
isomers. Because the two N-F distances in this “bifurcated”
isomer differ by 0.342 Å, this isomer might reasonably be
described as an Nâ-bonded isomer with a weak secondary
interaction to the other Nâ atom, whereas the other four
noncyclic isomers are all NR-bonded. The cyclic isomer (6) is
less likely to form in the experiments because it would probably
involve a fluoride attacking N5+ from the backside at its central
Nγ atom. Such an approach is not likely because both reacting
atoms apparently carry partial negative charges that should repel

each other. Furthermore,cyclic-FN5 has been predicted to have
a low barrier to decomposition of 6.7 kcal/mol at the CCSD(T)
level of theory.32

Because N2 is so stable, the dissociation of FN5 to FN3 and
N2 is 45.5 kcal/mol exothermic at the CCSD(T) level of theory
(Table 3) and is irreversible. Therefore, it is important to explore
the possible decomposition pathways for the preferred FN5

isomers and to determine their energy barriers toward decom-
position.

To explore both the isomerization and decomposition path-
ways, IRC studies were performed at the MP2 level of theory
to connect minima with the corresponding transition states (TS).
Transition states are illustrated in Figure 6, and FN3 is depicted
in Figure 7; detailed geometries are given in Table 5. The first
IRC was started from the “bifurcated” isomer, which most

Figure 5. FN5 isomers (MP2/6-31+G(d) geometries). Bond distances in ångstroms.

Figure 6. FN5 transition states (MP2/6-31+G(d) geometries). Bond distances in ångstroms.
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closely resembles the original ion pair. Structurally, the isomer
that most naturally connects with the bifurcated isomer is the
harp isomer, because this simply requires F to move to a
neighboring nitrogen atom of the N5 moiety via TS14. Starting
from harp, two PESs have been identified (Figure 8) that the
harp isomer can take to reach decomposition products: a
“direct” decomposition route (through TS4p) or an isomerization
via the cis isomer (through TS42). The cis isomer decomposes
directly to FN3 + N2 (through TS2p). As shown in Figure 8
and Table 6, the bottleneck for both reaction paths is the initial
barrier towards isomerization from bifurcated to harp (through
TS 14), predicted to be 8.9 kcal/mol. The subsequent activation
energies are much smaller, so once the harp isomer is reached,
the decomposition to FN3 + N2 should proceed even more
easily.

The two PESs are qualitatively similar at the MP2/6-31+G-
(d) and CCSD(T)/aug-cc-pVDZ levels of theory. The MP2
activation energies are larger than those from CCSD(T), and
all transition states and minima, excluding the initial bifurcated
species, are higher in energy than the reference cis isomer.
CCSD(T) predicts that all minima and TSs are higher in energy
than the reference cis isomer (Table 3).

The results of aqualitatiVe RRKM analysis (using the
vibrational frequencies in Table 7) for the two isomerization
reactions, and two decomposition reactions are shown in Tables
8 and 9. Several values were chosen forE, the applied energy,
in eq 4 for each minimum. Because the CCSD(T) and MP2
activation energies are different (Table 6), a given value ofE
corresponds to different excess energies above the barrier. So,
in Tables 8 and 9, a given amount of energy above a barrier
corresponds to different values ofE. Because the CCSD(T)
energies were obtained as single energy calculations at the MP2
geometries, the frequencies used in both sets of RRKM
calculations are those obtained from MP2. Thus, the CCSD(T)
results are only qualitative, but these frequencies are not
expected to be very different. Because the CCSD(T) barriers
are much lower in energy than those based on MP2, the
corresponding lifetimes will be smaller. Of course, the shorter
the predicted lifetime, the more likely it is that the isomerization
or dissociation will occur. At the CCSD(T) level of theory, the
predicted lifetimes for the two isomerization reactions, bifurcated
(1) f harp (4) and harp (4)f cis (2), are on the order of a few
nanoseconds even in the case where an energy that is only 5
kcal/mol above the barrier is added. When this excess energy
rises to 40 kcal/mol, these lifetimes decrease to 1-2 ps. The
lifetimes for the decomposition reactions, from harp and cis to
FN3 and N2, are even shorter.

DRP Calculations.To further study the decomposition and
stability of theharp-andcis-FN5 isomers, the dynamic reaction

Figure 7. Optimized FN3, N2, and FN (MP2/6-31+G(d) geometries).
Bond distances in ångstroms.

Figure 8. Relative isomerization/decomposition PESs with FN5 isomers
(reference) cis isomer). Energies: CCSD(T)/aug-cc-pVDZ with ZPE.

Figure 9. FN5 vibrational modes selected for DRP analysis: (a) cis,
mode 10; (b) harp, mode 12. The molecular structures were distorted
along the negative of the vibrational displacements; these displacements
are shown in the picture.

TABLE 6: Activation Energies (kcal/mol) for Isomerization
and Decomposition Reactions

barriers ∆E(MP2/G)a,d ∆E(CCSD(T))b,d ∆E(MP2/aug)c,d

TS14 18.8 8.9 18.1
TS42 5.4 3.7 5.5
TS2p 21.8 13.2 21.6
TS4p 7.5 1.0 6.9

a Basis set) 6-31+G(d). b Basis set) aug-cc-pVDZ.c Basis set)
aug-cc-pVDZ.d Includes ZPE correction.
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path (DRP) method25,26 was used to provide kinetic energy to
one or more vibrational normal modes.

For the cis isomer, mode 10 (Figure 9a) is a good candidate
for breaking the N3-N4 bond becauseν10 is the symmetric
N3-N4-N5 stretching mode. At the MP2/6-31+G(d) level,
the barrier for the decomposition,cis-FN5 f FN3 + N2, is
approximately 22 kcal/mol. With the addition of approximately
35 kcal/mol to this mode, the N3-N4 bond undergoes only
oscillations, and at least 51 kcal/mol of KE must be applied to
this mode to break the N3-N4 bond (the bond breaks after 5.6

fs into such a trajectory run). Figures 10 and 11 show various
structures along the trajectories with the addition of 35 and 51
kcal/mol of KE, respectively. Further illustration of this
phenomenon is shown in Figure 12 where the coordinate
changes in terms of the normal modes of the equilibrium
structure for bothE ) 35 andE ) 51 kcal/mol are plotted.
With the addition of 35 kcal/mol, the KE is quickly redistributed
to other modes. This dissipates the applied energy, so bond
oscillations due to the activation of other modes result. ForE
) 51 kcal/mol, the energy remains localized in mode 10; the

Figure 10. Stages along the trajectory for adding an initial KE of 34.9 kcal/mol to mode 10, cis isomer. Distances in ångstroms (initial bond
lengths shown atT ) 0.0 fs; if bond lengths have changed by>0.40 Å, new values are reported in next pane).

Figure 11. Stages along the trajectory for adding an initial KE of 51.3 kcal/mol to mode 10, cis isomer.

TABLE 7: Vibrational Frequencies and Corresponding IR Intensities for FN5 Isomers and Transition States in the
Isomerization/Decomposition PES Surfaces (MP2/6-31+G(d))

molecule frequencies, cm-1 [IR intensities, debye2/(amu Å2)]

bifurcated (1) 130 (0.032), 232 (0.415), 316 (0.479), 418 (0.048), 460 (0.084), 541 (1.693), 565 (0.308), 669 (0.984), 1007 (2.234),
1212 (2.616), 1965 (5.003), 2269 (2.992)

cis (2) 113 (0), 178 (0.044), 300 (0.190), 485 (0.064), 554 (0.001), 638 (0.122), 691 (3.290), 822 (2.306), 999 (1.784), 1196
(3.807), 1532 (1.153), 2321 (9.337)

trans (3) 122 (0.001), 164 (0.044), 340 (0.075), 399 (0.226), 460 (0.047), 521 (0.185), 716 (0.321), 947 (4.070), 1050 (0.308),
1220 (4.531), 1481 (0.069), 2356 (8.660)

harp (4) 49 (0.016), 221 (0.006), 315 (0.533), 452 (0.091), 518 (1.043), 546 (0.001), 721 (1.974), 860 (0.785), 916 (0.790),
1139 (2.967), 1546 (2.382), 2175 (6.153)

wag (5) 146 (0.005), 148 (0.010), 361 (0.023), 395 (0.396), 472 (0.092), 517 (0.012), 766 (2.388), 988 (0.448), 1024 (2.399),
1123 (4.000), 1443 (0.102), 2252 (5.988)

cyclic (6) 272 (0.052), 435 (0.045), 614 (0.002), 701 (0.143), 727 (0), 1022 (0.018), 1034 (0.198), 1090 (0.088), 1132 (0.024),
1211 (0.175), 1378 (0.134), 1387 (1.832)

TS14 493 i, 115, 307, 391, 423, 456, 516, 701, 898, 1120, 1901, 2311
TS4p 823 i, 115, 159, 328, 335, 442, 591, 699, 807, 1206, 1550, 1993
TS42 109 i, 204, 310, 446, 500, 611, 724, 806, 864, 1230, 1538, 2409
TS2p 728 i, 86, 125, 242, 265, 444, 581, 706, 823, 1111, 1505, 2046
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modes become well separated and do not undergo wild
oscillations. There is enough energy available to “push” the N2

fragment away so it is not recaptured during oscillations.
As noted earlier, the harp isomer can decompose in a direct

or stepwise manner. The MP2/6-31+G(d) barrier to direct
decomposition is 7.5 kcal/mol, whereas the barrier for the
isomerization, harpf cis, is 5.4 kcal/mol. In the analysis of
this structure,ν12 (Figure 9b) appears to be a good candidate
for N3-N4 bond breaking becauseν12 is the N4-N5 stretching
mode. After the addition of 44 kcal/mol, the N3-N4 bond
breaks, but it then re-forms and oscillates. As in the case for

the cis isomer, this can be seen in the graphs of normal mode
coordinate change versus time. Figure 13 shows that the energy
applied toν12 dissipates to other modes even more rapidly than
in the case of the cis isomer. Of course, these DRP calculations
are only suggestive about possible dynamic processes. One
would need to explore many more trajectories to obtain
quantitatively meaningful kinetics data.

The MP2 and CCSD(T) RRKM analyses for the addition of
energy, corresponding to this DRP for both the cis and harp
isomers, are given in Table 9. The examples discussed above
are in boldface in Table 9. Consider the decomposition of the

Figure 12. Normal coordinate change for cis isomer: addition of KE to mode 10.

Figure 13. Normal coordinate change for harp isomer: addition of KE to mode 12.
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cis isomer, usingν10. At least seven (four) vibrational quanta
are required to surmount the barrier in this mode for MP2
(CCSD(T)), corresponding to lifetimes of 0.2 and 855 ms,
respectively. For anE value of 35 kcal/mol, corresponding to
10 vibrational quanta, the lifetimes are 216 and 0.9 ps,
respectively. The trajectory withE ) 35 kcal/mol was only run
for ∼0.15 ps, and only bond oscillations were observed. ForE
) 52 kcal/mol (15 quanta), the predicted lifetimes are 116 fs
and 1.7 ps for CCSD(T) and MP2, respectively. TheE ) 52
kcal/mol trajectory shows complete bond dissociation after∼6
fs (0.006 ps). For the harp isomer, the addition ofE ) 44 kcal/
mol to mode 12 (7 quanta) shows no dissociation after∼600 fs
(0.6 ps). Upper limit lifetimes for this isomer, depending on
whether one is considering the isomerization or decomposition
channel, are∼3 and 0.3 ps, respectively, at the MP2 level and
1.9 ps and 50.4 fs, respectively, at the CCSD(T) level. It is
important to reiterate here the following point: the reason that
the amount of energy required to cause dissociation in the DRP
trajectories exceeds the calculated barrier heights is that the
energy provided to a specific vibrational mode does not localize
in the bond that breaks in the reaction.

Experimental Results.The vacuum thermolyses of N5
+AsF6

-

(eq 5) and [N5]+
2[SnF6]2- (eq 6), and the displacement reaction

between CsF and N5+SbF6
- (eq 7) were studied experimentally

by fast, in situ FT-IR spectroscopy of the gaseous reaction
products.

In excellent agreement with the above theoretical lifetime
predictions for FN5, this molecule could not be observed
directly; however, its expected decomposition products (eq
8-11) were observed.

Because reactions 8-11 are all strongly exothermic, the
thermodynamically most stable products, NF3 and N2,33 were
obtained as the major final products. However, the formation
of smaller amounts of FN3 and F2N2

34 was also observed, thus
confirming the above sequence of reactions.

Conclusions

In contrast to FN3 that can be isolated at room temperature
but does not form stable N3+ salts with strong Lewis acids,12

TABLE 8: RRKM Analysis for Isomerization and
Decomposition Reactions as a Function of Excess Energy

excess energy
(kcal/mol)

E[CCSD(T)]b,c

(kcal/mol)
E[MP2/G]a,c

(kcal/mol)
CCSD(T)
lifetime

MP2/G
lifetime

Bifurcated-TS14-Harp
5 13.9 23.8 5.5 ns 1.9µs

10 18.9 28.8 78.3 ps 7.6 ns
20 28.9 38.8 4.0 ps 100.9 ps
30 38.9 48.8 1.2 ps 14.6 ps
40 48.9 58.8 0.6 ps 4.8 ps

Harp-TS42- -Cis
5 8.7 10.4 0.3 ns 2.1 ns

10 13.7 15.4 23.1 ps 78.7 ps
20 23.7 25.4 4.6 ps 9.5 ps
30 33.7 35.4 2.5 ps 4.3 ps
40 43.7 45.4 1.9 ps 2.8 ps

Harp-TS4p- -FN3 + N2
5 6.0 12.5 0.3 ps 0.9 ns

10 11.0 17.5 0.1 ps 18.3 ps
20 21.0 27.5 67.0 fs 1.3 ps
30 31.0 37.5 56.0 fs 451.4 fs
40 41.0 47.5 51.2 fs 256.8 fs

Cis-TS2p-FN3 + N2
5 18.2 26.8 7.2 ns 480.2 ns

10 23.2 31.8 50.1 ps 1.5 ns
20 33.2 41.8 1.3 ps 15.3 ps
30 43.2 51.8 0.3 ps 1.9 ps
40 53.2 61.8 0.1 ps 0.6 ps

a Basis set) 6-31+G(d). b Basis set) aug-cc-pVDZ.c Includes ZPE
correction.

N5
+AsF6

- f [FN5] + AsF5 (5)

(N5)
+

2SnF6
2- f [FN5] + N5

+SnF5
- (6)

N5
+SbF6

- + CsFf [FN5] + CsSbF6 (7)

TABLE 9: RRKM Analysis for Isomerization and
Decomposition Reactions as a Function of Vibrational
Quanta

applied energy
(quanta)

E
(kcal/mol)

CCSD(T)b

lifetime
MP2/Ga

lifetime

Harp-TS42-Cis
Mode 12 (Harp)

1 6.21 18.2 ns 2.5 ms
2 12.42 36.2 ps 353.0 ps
3 18.63 8.2 ps 29.3 ps
4 24.84 4.2 ps 10.1 ps
5 31.05 2.9 ps 5.6 ps
6 37.26 2.2 ps 3.9 ps
7 43.47 1.9 ps 3.0 ps
8 49.68 1.6 ps 2.4 ps
9 55.89 1.5 ps 2.1 ps

10 62.1 1.4 ps 1.9 ps
11 68.31 1.3 ps 1.7 ps
12 74.52 1.2 ps 1.6 ps
13 80.73 1.2 ps 1.5 ps
14 86.94 1.1 ps 1.4 ps
15 93.15 1.1 ps 1.3 ps

Harp-TS4p-FN3 + N2

Mode 12 (Harp)
1 6.21 0.3 ps
2 12.42 99.5 fs 1.0 ns
3 18.63 72.0 fs 11.2 ps
4 24.84 61.5 fs 2.0 ps
5 31.05 56.0 fs 811.5 fs
6 37.26 52.6 fs 459.4 fs
7 43.47 50.4 fs 311.4 fs
8 49.68 48.7 fs 234.6 fs
9 55.89 47.5 fs 189.2 fs

10 62.1 46.5 fs 159.8 fs
11 68.31 45.8 fs 139.4 fs
12 74.52 45.1 fs 124.6 fs
13 80.73 44.6 fs 113.3 fs
14 86.94 44.2 fs 104.6 fs
15 93.15 43.8 fs 97.6 fs

Cis-TS2p-FN3 + N2

Mode 10 (Cis)
1 3.49
2 6.98
3 10.47
4 13.96 855.1 ms
5 17.45 30.0 ns
6 20.94 0.3 ns
7 24.43 25.4 ps 0.2 ms
8 27.92 5.5 ps 77.1 ns
9 31.41 1.9 ps 2.0 ns

10 34.9 891.3 fs 215.8 ps
11 38.39 491.2 fs 46.2 ps
12 41.88 306.0 fs 14.8 ps
13 45.37 208.2 fs 6.1 ps
14 48.86 151.3 fs 3.0 ps
15 52.35 115.5 fs 1.7 ps

a Basis set) 6-31+G(d). b Basis set) aug-cc-pVDZ.

[FN5] f FN3 + N2 (8)

FN3 f [FN] + N2 (9)

2[FN] f F2N2 (10)

3F2N2 f 2NF3 + 2N2 (11)
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N5
+ salts are stable but their FN5 parent molecule has very

limited kinetic stability. Because of the general difficulty of
correctly modeling infinite crystal lattices,35 the ion pair
N5

+AsF6
- and its dissociation products were studied. It is shown

that at the MP2/6-31+G(d) level the ion pair and crystalline
N5

+AsF6
- are more stable than the free FN5 and AsF5 molecules

by 46.5 and 72.0 kcal/mol, respectively. These values represent
minimum dissociation energy barriers; the latter value is in
accord with the observed marginal stability of crystalline
N5

+AsF6
- at room temperature. The FN5 molecule can exist as

at least six different, vibrationally stable isomers (one cyclic,32

one bifurcated, and four chainlike structures) that differ in energy
by only 6.4, 9.0, and 11.2 kcal/mol at the MP2/6-31+G(d), MP2/
aug-cc-pVDZ, and CCSD(T)/aug-cc-pVDZ levels, respectively.
Decomposition studies of FN5 reveal two distinct pathways to
FN3 + N2. The energy change from the initial bifurcated FN5

isomer to FN3 + N2 is predicted to be-56.0 kcal/mol at the
CCSD(T) level of theory.

IRC, DRP, and RRKM calculations suggest that the energy
barriers for these decomposition pathways are very low, resulting
in predicted lifetimes for FN5 at room temperature on the order
of nanoseconds. These predictions of an extremely short-lived
FN5 are confirmed by our experimental FT-IR studies on the
thermolyses of N5+AsF6

- and [N5]+
2[SnF6]2, and the displace-

ment reaction between CsF and N5
+SbF6

-, which showed only
the expected decomposition products FN3, F2N2, and NF3, but
no evidence for the intermediate FN5.
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