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Quantum Mechanical ab Initio Studies of the Structures and Stabilities of Halogen Azides XN3 
(X = F, CI, Br, I) 
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We report theoretically predicted geometries, heats of formation, X-N3 bond energies, and vibrational spectra of 
the halogen azides XN3 (X = F, C1, Br, I) and HN3 calculated by quantum chemical methods at the Hartree-Fock 
and correlated levels using all-electron wave functions and effective-core potentials. The theoretical data are used 
to predict the geometries of BrN3 and IN3, which have experimentally not been measured yet. A trans-bent (C,) 
geometry is calculated for the halogen azides with a nearly constant bond angle of - 172O for the N3 unit. The 
XNN angle increases from - 103’ for FN3 to - 1 1 1 O for IN3. A partial reassignment of the experimental vibrational 
spectra of BrN3 and IN3 is suggested. The calculated X-N3 bond strengths indicate the order H >> F > C1> Br 
> I; i.e., FN3 is predicted to have the strongest X-N bond among the halogen azides. The opposite stability order 
F < C1 < Br < I is calculated for the XN-Nz bond of XN3; Le., the dissociation of XN3 into XN (32-) + N2 is 
most exothermic for FN3 but endothermic for IN3. The theoretical results for the heat of formation and the H-N3 
and HN-NI dissociation energies are in excellent agreement with experimental results. The electronic structure 
of the halogen azides is analyzed with the help of the topological analysis of the wave function. The X-N bond 
is essentially a single bond with a polarity XL-N6+ for FN3 and Xd+-NL for ClN3, BrN3, and IN3. The covalent 
bond order index PAe indicates that the NI-N2 bond in XN3 is intermediate between a single and a double bond 
and that the N2-N3 bond has nearly a triple bond. The partial charge is always slightly negative at N2 and slightly 
positive at N3. 

Introduction 
Although halogen azides XN3 (X = F, C1, Br, I) have been 

known since the beginning of this century’ and have been 
recognized as versatile compounds in synthetic chemistry, the 
study and usage of them has been hampered by their unpleasant 
tendency to explode violently. Dehnicke and co-workers24 
developed experimental techniques which allow the preparation 
of very pure IN3, BrN3, and ClN3, but knowledge about the 
structures and reactivities of halogen azides is still very scarce. 

The most explosive member of this class of compounds is 
probably fluorine azide, FN3. Only very recently have the results 
of a complete structural and spectroscopic investigation of FN3 
been reported by Christen et alS5 These authors presented besides 
their microwave and infrared spectra also the results of ab initio 
calculations on FN3 at the Hartree-Fock and correlated level of 
theory.5 Parallel to their work, theoretical studies of FN3 were 
published by Peters et aL6 Prior to these studies, only some 
theoretical calculations of structural parameters’ and argon- 
matrix IR frequencies of few of the fundamental vibrationsE were 
known. 

For the next highest member of this family, ClN3, the 
experimentally determined UV,9 microwave,IO and vibrational11 
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spectra are available. Quantum mechanical calculations of ClN3 
at the Hartree-Focklevel have been published by several groups.12 
The UV spectra9 and vibrational frequenciesEJ3 are reported for 
BrN3 and IN3, but the geometries of the two molecules are not 
known. No theoretical studies of BrN3 and IN3 are known to us. 

In this paper we report the results of the first quantum me- 
chanical study of all halogen azides XN3 (X = F, C1, Br, I). We 
havecalculated the equilibrium geometries andvibrational spectra 
of the four molecules. For comparative reasons, we also present 
results for HN3, for which experimental14J5 and theoretical 
datal6,” are available. We estimate theoretically the X-N3 bond 
strength relative to H-N3, and we discuss the thermodynamic 
stabilities of the calculated azides. The theoretical studies were 
performed at the Hartree-Fock and correlated level of theory, 
using Maller-Plesset perturbation theory to estimate the cor- 
relation energy. All-electron basis sets of different sizes as well 
as effective-core potentials (ECP) were employed, and the results 
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of the different procedures are compared with each other. Thus, 
our study may be used to judge the quality of the ECP approach 
relative to all-electron basis sets. Details of the theoretical methods 
are described below. 

The electronic structures of the geometry-optimized molecules 
are analyzed using the topological theory of atoms in mole- 
cules.'*-21 Very recently, a partitioning scheme has been suggested 
which defines covalent bond orders in the framework of the 
topological theory of atoms in molecules.22 

Theoretical Details 
The calculations have been performed using the program packages 

Gaussian 9023 and C A D P A C . ~ ~  The following basis sets have been employed 
for the all-electron calculations. For HN3, FN,, and ClN3, we used the 
standard 3-21G(d,p)25 and 6-3 lG(d,p)26 basis sets with six d-functions 
for the heavy atoms and three p-functions for H. Note that the 3-21G- 
(d,p) basis sets has the same exponents for the p and d-polarization 
functions as 6-31G(d,p). In case of BrN3 and IN,, we used for Br and 
I the basis sets suggested by H ~ z i n a g a ? ~  which are split for Br 
(4332114321141) and for I (4333211433211431). These basis sets, which 
are intermediate in quality between 3-21G and 6-31G, have been 
augmented by a set of six d-functions. They are denoted HUZ(d). The 
exponents for the polarization functions are H ( l . l ) ,  N (0.8), F (0.8), 
C1(0.514), Br (0.389), I(0.266). Open-shell molecules are treated with 
the unrestricted HartreeFock (UHF) method. We also performed all- 
electron calculations for the halogen azides including correlation energy 
using Meller-Plesset perturbation theory terminated at second order.28 
The optimizations and frequency calculations have been carried out at  
MP2/6-31G(d,p), with the Huzinaga basis sets for Br and I. 

We also carried out ECPcalculations utilizing the parameters developed 
by Hay and Wadt,29 which are implemented in Gaussian 90 and termed 
LANLIDZ. The LANLl D Z  model uses all-electron wave functions for 
hydrogen and first-row elements and ECPs for heavier atoms, in our case 
CI, Br, and I. The basis functions for the valence sand p electrons consist 
of the standard double-l basis set as developed by H ~ z i n a g a ~ ~ , ~  and 
D ~ n n i n g . ~ ~ , ~  As a next step, we added a set of five d-type polarization 
functions (three p-functions at  H). This level of theory is denoted as 
LANLlDZ+P. We also optimized the structures and calculated the 
vibrational spectra using ECPs with inclusion of correlation energy at the 
MPZ/LANLlDZ+P level. 

For the calculation of the open-shell molecules the spin-unrestricted 
(UHF) method was used. In order to give more reliable estimates of the 
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Figure 1. Schematic representation of the geometry of XN3 molecules. 

reaction energies involving open-shell species, techniques of spin- 
projection)' were used which eliminate some (but not all) contributions 
from higher spin states. We present the calculated eigenvalues (S2)  of 
the S2 operator and the energies of the spin-projected wave functions at  
the MP2 level, i.e. PMP2/6-3 lG(d,p) and PMP2/LANLl DZ+P. 

The analysis of the electron density distribution and the calculation 
of Vp(r) and V2p(r) was carried out using the programs PROAIM and 
 SADDLE.^^ The covalent bond orders have been computed using the 
program BONDER.33 

Results and Discussion 

1. Geometries. The experimentally determined geometries of 
HN3,I4a FN3,5 and ClN310 exhibit a trans-bent (C,) structure 
with only a slight deviation of the N3 unit from linearity (Figure 
1). 

Table I shows the calculated geometries at various levels of 
theory and the experimentally observed bond lengths and bond 
angles, as far as they are available. The results obtained by the 
all-electron calculations are very similar to the geometries using 
ECP wave functions at a comparable level of theory. That is, the 
HF/6-31G(d,p) geometries are not very different from the HF/ 
LANLl DZ+P structures, and the same holds true for geometries 
predicted at MP2/6-31G(d,p) and MPZ/LANLlDZ+P (Table 
I). This is particularly noteworthy for the I-N bond length, 
since the ECPs have been developed with inclusion of relativistic 
effects, while the all-electron calculations reported here do not 
include relativistic terms. The addition of polarization functions 
to the LANLlDZ basis set yields significant changes in the 
calculated geometries, while the HF/3-21G(d) and HF/6-31G- 
(d,p) optimized structures show less alterations. The interatomic 
distances become larger at the correlated level, but the bond 
angles change only slightly. 

All calculated XN3 molecules are predicted by theory with a 
trans-bent geometry. The N3 unit is calculated at the correlated 
level with a bond angle a of about 172O, independent of the nature 
of X. The XNN angle j3 increases regularly from - 103O for 
FN3 to - 11 1' for IN3 (Table I) following the trend predicted 
by Bent's rule, which states that substitutents with higher elec- 
tronegativity change the hybridization towards more p-character, 
thus yielding smaller bond angles. The agreement between 
theoretically predicted and experimentally observed bond lengths 
based on the MP2 results is good for the X-N distances but less 
satisfactory for the N1-N2 and Nz-N3 bond lengths. It should 
be noted that a high theoretical level is necessary for a good 
description of bonds between electronegative atoms; a particular 
difficult molecule is F202.34 The theoretical results shown in 
Table I let us predict that BrN3 and IN3 have trans-bent geometries 
with slightly larger values for the angle j3 than found for ClN3 
and the same value for a. The X-N distance should be close to 
1.92 A for Br-N3 and 2.1 1 A for I-N3. 

2. VibratioanlSpectra. The theoretically predicted vibrational 
frequencies for XN3 molecules have been calculated with the 
harmonic approximation. The deviation from the experimentally 
obtained frequencies may partly be compensated by using scaling 
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Table I. Optimized and Experimentally Observed Geometries with Distances in A, Angles in deg, and Calculated Total Energies in Hartrees 
HF/3-2 1 G ( ~ , P ) ~  HF/6-3 lG(d,p)b MP2/6-3 l G ( d , ~ ) ~  HF/LANL 1 DZ HF/LANL 1 DZ+P MP2/LANL 1 DZ+P exptla 

1.015 
1.238 
1.098 
173.9 
107.4 
-163.0574 

1.38 1 
1.258 
1.098 
173.8 
104.2 
-261.345 1 

1.741 
1.252 
1.096 
173.6 
108.5 
-619.8430 

1.908 
1.248 
1.096 
174.0 
108.1 
-2732.5896 

2.112 
1.292 
1.102 
172.4 
109.5 
-7075.3544 

1.006 
1.238 
1.099 
173.8 
108.2 
-1 63.8429 

1.382 
1.253 
1.110 
174.0 
104.3 
-262.6025 

1.734 
1.247 
1.098 
174.1 
109.0 
-622.6894 

1.896 
1.244 
1.098 
174.2 
109.1 
-2733.6089 

2.090 
1.238 
1.099 
174.4 
111.4 
-7076.2957 

1.018 
1.250 
1.158 
171.2 
109.7 
-1 64.36 14 

1.43 1 
1.280 
1.152 
171.7 
103.8 
-263.2824 

1.753 
1.265 
1.157 
171.3 
109.3 
-623.3416 

1.923 
1.262 
1.160 
171.4 
108.5 
-2734.0035 

2.120 
1.255 
1.165 
171.6 
110.4 
-7076.9339 

HN3 
1.012 
1.273 
1.121 
171.4 
110.9 
-163.7564 

FN3 
1.450 
1.314 
1.115 
175.3 
102.7 
-262.5 3 3 5 

ClN3 
1.863 
1.300 
1.117 
173.6 
107.8 
-1 77.8222 

BrN3 
1.992 
1.287 
1.120 
173.3 
110.6 
-174.0580 

2.120 
1.274 
1.124 
173.1 
114.5 

IN3 

-174.3006 

Exptl data: HN3, ref 14a; FN3, ref 5; ClN3, ref 10. HUZ(d) for Br and I. 

factors which change at  different theoretical levels.35 They may 
also be different for the various vibrational modes which are 
present in the molecule. The calculated frequencies are usually 
too high, but sometimes they may be smaller than the experimental 
values.3s But it should also be noted that the experimentally 
observed frequencies may change substantially when measured 
under different conditions. Table I1 shows our calculated 
vibrational frequencies, IR intensities, and Raman activities in 
comparison with the experimental results. 

For all four halogen azides, the highest normal mode frequency 
v l  corresponds to the N3 asymmetric stretching mode, which is 
rather independent of the nature of X. The experimental 
frequencies vI  for the halogen azides are between 2037 and 2075 
cm-1 (Table 11). The MP2 frequencies are uniformly too high 
by a factor of -1.15. The calculations predict that V I  should 
have the highest intensity in the IR spectra, which is in agreement 
with experimental results (Table 11). 

The next highest lying frequency v2 corresponds to the 
symmetric N3 stretching mode which increases from 1090 cm-l 
( F N 3 )  to 1240 cm-l (IN3). v2 is a case where the experimental 
value is strongly dependent on the experimental conditions. For 
IN3, v2 is reported as 1240 cm-I when it is measured in Nujol but 
at  1176 cm-l when it is measured in benzene.2a The computed 
frequencies for v2 of XN3 are too high by an average factor of 
1.03 (MP2 level), but otherwise they agree quite well with the 
experimental data. 

As expected, the vibrational frequency for the X-N stretching 
mode decreases from F to I (Table 11). For FN3, ClN3, and 
BrN3, the MP2 frequencies are too high by a factor of - 1.05. 

(35) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab Initio 
Molecular Orbital Theory; Wiley: New York, 1986; p 236 f. 

1.006 
1.247 
1.102 
174.3 
107.8 
-163.8707 

1.383 
1.263 
1.103 
174.7 
104.2 
-262.6606 

1.742 
1.257 
1.102 
174.7 
108.3 
-177.9528 

1.891 
1.251 
1.103 
174.8 
109.8 
-176.1829 

2.058 
1.245 
1.104 
174.8 
112.3 
-1 74.4 187 

1.023 
1.266 
1.171 
171.5 
109.0 
-164.3699 

1.441 
1.293 
1.161 
172.4 
103.3 
-263.3103 

1.767 
1.278 
1.167 
171.7 
108.1 
-178.5733 

1.919 
1.274 
1.170 
171.9 
109.4 
-1 76.7946 

2.095 
1.268 
1.175 
171.8 
111.2 
-175.0188 

1.015 
1.243 
1.134 
171.3 
108.8 

1.444 
1.253 
1.132 
170.9 
103.8 

1.745 
1.252 
1.133 
171.9 
108.6 

The same factor is found when the MP2 values for the I-N 
stretching mode (426 and 429 cm-l) are compared with the 
experimental values reported by Engelhardt et al.” (400 and 410 
cm-I). A much lower I-N frequency (338 cm-I) has been reported 
by Dehnicke,2” who noted the unusually low value. Engelhardt 
et al.13 found also a band a t  338 cm-I in the Raman spectrum, 
but they attributed the signal to solid iodine acid. Our calculated 
data support the assignment of Engelhardt et for the I-N 
stretching mode in IN3 at  400-410 cm-I. 

The only other normal mode which is reported for all halogen 
azids is the deformation mode 6(N3) which increases from 241 
cm-I for FN3 to 578-648 cm-1 for IN3 (Table 11). Our 
theoretically predicted data suggest that the assignments of the 
experimentally observed vibrational modes may not always be 
correct. The MP2 frequencies for the 6(N3) mode of F N 3  and 
ClN3 are too high by a factor of - 1.04 (Table 11). The same 
factor is calculated for IN3 if the experimental value of Dehnicke28 
(648 cm-1) is used. Engelhardt et al.13 report much lower values 
of 583 and 595 cm-I. However, these authors noted already un- 
certanties concerning the assignments of the 6(N3) and y(N3) 
mode. The calculated values suggest that the assignments of the 
vibrational frequencies for the 6(N3) and y(N3) modes of IN3 
reported by Engelhardt et al.” should be reversed; Le., the values 
of 583 (Raman) and 595 cm-l (IR) correspond to the y(N3) 
mode and the frequencies found at  623 and 628 cm-1 correspond 
to the 6(N3) mode. As shown below, this is also in better agreement 
with our calculated values for the y(N3) mode of XN3 molecules. 
We also question the assignment for the frequency a t  530 cm-l 
to the 6(N3) mode of BrN3 by Milligan and Jacox.6 With 
application of the same scaling factor of 1.04, the 6(N3) mode 
should appear at  -465 cm-l. The experimentally observed 
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Table 11. Calculated Vibrational Frequencies (cm-I), IR Intensities (km/mol), and Raman Intensities (A4/amu) and Experimentally Observed 
Frequencies 

Otto et al. 

HN3 
HF/6-31G(d,p) MP2/6-31G(d,p) HF/LANLlDZ+P MPZ/LANLlDZ+P exptl IR" assgnt 

vl (A') 3732 3585 368 1 3573 3324 v(H-N) 
IR intensity 34 62 29 68 m 
Raman intensity 123 nc nc nc 
v2 (A') 2511 2391 2298 2350 2150 v(N3, asym) 
IR intensity 555 198 489 203 vs 
Raman intensity 52 nc nc nc 
v3 (A') 1436 1267 1422 1237 1273 6 W 3 )  
IR intensity 46 1 76 3 m 
Raman intensity 13 nc nc nc 
v4 (A') 1253 1130 1055 1135 1168 v(N3, sym) 
IR intensity 271 209 296 190 vs 

IR intensity 19 28 17 29 W 

v6 (A") 677 579 584 559 588 y(N3) 
IR intensity 5 1 1 1 W 

Raman intensity 4 nc nc nc 
v5 (A') 574 551 506 541 527 G(HNN) 

Raman intensity 1 nc nc nc 

Raman intensity <1 nc nc nc 

FN 2 

HF/6-31G(d,p) MP2/6-31G(d,p) HF/LANLlDZ+P MPZ/LANLlDZ+P exptl IRb assgnt 
vl (A') 
IR intensity 
Raman intensity 
v2 (A') 
IR intensity 
Raman intensity 
v3 (A') 
IR intensity 
Raman intensity 
v4 (A') 
IR intensity 
Raman intensity 
v5 (A') 
IR intensity 
Raman intensity 
v6 (A'') 
IR intensity 

2386 
395 
66 
1225 
28 
7 
1045 
176 
10 
758 
6 
3 
282 
5 
4 
606 
14 
<1 

2405 
141 
nc 
1151 
2 
nc 
948 
42 
nc 
690 
4 
nc 
247 
5 
nc 
494 
3 
nc 

2354 
409 
nc 
1266 
30 
nc 
1029 
210 
nc 
748 
6 
nc 
283 
5 
nc 
599 
9 
nc 

2384 
155 
nc 
1135 
2 
nc 
928 
51 
nc 
673 
5 
nc 
245 
5 
nc 
470 
2 
nc 

873 V (  F-N) 
S 

658 G(FNN) 
m 

24 1 W 3 )  
m 

504 y ( N d  
W 

HF/6-31G(d,p) MP2/6-31G(d,p) HF/LANLlDZ+P MP2/LANLlDZ+P exptl IRc exptl Rae assgnt 

v l  (A') 2450 2382 2415 2359 2075 2066 v(N3, asym) 

Raman intensity 126 nc nc nc 
v2 (A') 1237 1202 1202 1173 1140 1 134 v(N3, sym) 

Raman intensity 9 nc nc nc 

IR intensity 41 11 45 8 m m 
Raman intensity 29 nc nc nc 
v4 (A') 626 574 615 570 545 540 6(N3) 
IR intensity 17 1 8 1 W S 
Raman intensity 1 nc nc nc 
v5 (A') 248 212 246 209 223 22 1 G(C1NN) 
IR intensity 2 3 2 3 vw S 
Raman intensity 7 nc nc nc 
v6 (A") 617 51 1 616 484 522 noh y(N3) 
IR intensity 7 4 11 2 W 
Raman intensity 24 nc nc nc 

IR intensity 545 268 555 278 vs W 

IR intensity 158 27 165 25 S W 

v3 (A') 818 757 816 76 1 719 719 v(C1-N) 

BrN3 
HF/6-31G(d,p)' MP2/6-31G(d,p)' HF/LANLlDZ+P MP2/LANLlDZ+P exptl IRd assgnt 

r l  (A') 245 1 2348 2418 2330 2053,2020 v(N3, asym) 
IR intensity 61 5 342 657 369 
Raman intensity 162 nc nc nc 
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Table 11. (Continued) 

BrN3 

HF/6-31G(d,p)' MP2/6-31G(d,p)' HF/LANLlDZ+P MPZ/LANLlDZ+P exptl IRd assgnt 

v2 (A') 1247 1208 
IR intensity 212 34 
Raman intensity 14 nc 
v3 (A') 774 
IR intensity 22 

IR intensity 4 
Raman intensity 39 

IR intensity 1 

Raman intensity 27 
v4 (A') 520 

v5 (A') 216 

Raman intensity 8 
v6 (A") 635 
IR intensity 16 
Raman intensity 1 

712 
5 
nc 
478 
1 
nc 
182 
2 
nc 
517 
4 
nc 

1228 
232 
nc 
769 
23 
nc 

1190 1160 v(N3, sym) 
37 
nc 
708 687 v(Br-N) 
4 
nc 

520 493 530e W 3 )  
3 2 
nc nc 
213 178 noh 6(BrNN) 
<1 2 
nc nc 
627 
11 
nc 

480 noh Y ( N ~  
<1 
nc 

HF/6-31G(d,p)' MP2/6-31G(d,p)' HF/LANLlDZ+P MPZ/LANLlDZ+P exptl IRC exptl IRf exptl R d  assignt 

vl (A') 2457 2307 2423 2291 2045,2058 2050 2052 v(N3, asym) 
IR intensity 770 460 814 483 vs vs m 
Raman intensity 200 nc nc nc 
v2 (A') 2181 1228 1267 1209 1240, 1176 1222 1207 v(N3, sym) 

Raman intensity 20 nc nc nc 
IR intensity 286 44 306 46 m m W 

IR intensity 16 4 16 4 vw W W 

Raman intensity 32 nc nc nc 

IR intensity <1  <1 <1 <1 m W vs 

IR intensity 1 2 1 2 W 

IR intensity 16 3 11 2 W vw vw 

v3 (A') 747 679 743 616 648 5958 5838 b(N3) 

v4 (A') 472 429 47 1 426 338 400 410 ~(1-N) 

Raman intensity 60 nc nc nc 
v5 (A') 197 164 194 161 noh noh 218 B(INN) 

Raman intensity 10 nc nc 
v6 (A") 649 524 640 500 580,578 6238 6288 y(N3) 

Raman intensity 2 nc nc nc 

Reference 14b. Reference 5. Reference 11. Reference 8. e Assignment probably wrong; see text. /Reference 13. 8 Assignment probably wrong; 
see text. Not observed. HUZ(d) for Br and I. 

frequency at 530 cm-I fits much better with our calculated value 
for the y(N3) mode (see below). The frequency for the G(XNN) 
deformation mode is very low, with the exception of F N 3 ,  and the 
calculated values a t  the MP2 level are in most cases smaller than 
the experimental values (Table 11). 

The calculated frequency for the out-of-plane vibration y(N3) 
at  the MP2 level is always too low by -0.9-0.95 (Table 11). The 
experimentally observed vibrational frequencies a t  583 and 595 
cm-1 for IN3" and at 530 cm-l for BrN38 are therefore assigned 
by us to y(N3) and not to 6(N3) as originally ~ u g g e s t e d . ~ J ~  

3. Bond Strengths and Thermodynamic Stabilities of XN3. The 
calculated total energies can be used to predict theoretically the 
binding energies and thermodynamic stabilities of the azides, 
which are difficult to determine experimentally. Of particular 
interest is the strength of the X-N3 bond. We calculated the 
dissociation energies of reaction 1, which, after correction for 

XN3 + N 3  + X +Do (1) 

zero-point energies ZPE (scaled by 0.9235), differences in 
rotational and translational degrees of freedom (0.6 kcal/mol), 
and the work term (0.6 kcal/mol), are converted into dissociation 
enthalpies at room temperature Do. The results are shown in 
Table 111. The total energies and ZPE values for the fragments 
are given in Table IV. 

Reaction 1 is predicted to be strongly exothermic, and the 
results are not very different between the ECP and the all-electron 

methods (Table 111). The theoretically predicted bond strength 
for the H-N3 bond is in very good agreement with the most 
recent experimental result by Illenberger et al.36a Because the 
spin contamination in the UHF wave function of N3 is rather 
high ( ( S 2 )  = 0.904 at MP2/6-31G(d,p) and 0.919 at MP2/ 
LANLlDZ+P, theoretical value 0.75), the bond energies cal- 
culated at PMP2 are 5-10 kcal/mol smaller than the MP2 values. 

The calculations predict that the X-N3 bond strength decreases 
in the order H >> F > C1 > Br > I. The results that F N 3  has 
the strongest and IN3 the weakest halogen-N3 bond is surprising 
at first glance, since FN3 is considered the least stable halogen 
azide, while IN3 is the most stab1e.l However, thermal frag- 
mentation of XN3 is not induced by breaking the X-N3 bond but 
rather by dissociation intoXN andN2. Since theelectronicground 
state of XN (X = halogen) is a ( 3 2 )  triplet state, dissociation 
of XN3 (XIA') into XN (X32)  and N2 ( X I V g )  is spin-symmetry 
forbidden. Nevertheless, pyrolysis experiments carried out in 
the temperature range of 285-470 OC has shown that HN3 
decomposes into N2 and N H  in the ground-state triplet (X32-) 
state.'& A recently published theoretical studylb on the energetics 
of the dissociation reaction HN3 (XIA') - N2 ( X I V g )  + H N  
( X W )  at a very high level of theory using CASSCF and MCSCF- 
CI techniques has shown that singlet-triplet coupling occurs 
because the HN3 wave function in the region of the transition 

~~ 

(36) (a) Illenberger, E.; Comita, P. B.; Brauman, J. I.; Fenzlaff, H.-P.; Heni, 
M.; Heinrich, N.; Koch, W.; Frenking, G. Ber. Bunsen-Ges. Phys. Chem. 
1985, 89. 1026. (b) Gray, P. Q. Rev. (London) 1963, 17, 441. 



3652 Inorganic Chemistry, Vol. 31, No. 17, 1992 Otto et al. 

Table 111. Calculated Reaction Enthalpies DO (kcal/mol) for Reactions 1-3 
H F CI Br I 

X N 3 + X ' + N 3 ( 1 )  
MP2/6-3 lG(d,p)'vb 96.9 (87.4) 57.8 (47.7) 48.5 (38.3) 46.9 (36.8) 45.8 (35.6) 
MP2/LANLl DZ+P 99.3 (94.8) 58.0 (52.9) 49.6 (44.3) 46.9 (41.6) 45.4 (40.3) 
exptl 92.2 k 4.6c 

85d 

XN3 4 N2 + XN ('E-) (2) 
MP2/6-3 lG(d,p)"* +14.9 (+13.5) -25.1 (-27.0) -1 1.9 (-14.0) -3.5 (-6.1) +6.5 (+2.9) 

exptl 17.5e 
l5.w 

MP2/LANLl DZ+P +15.1 (+13.7) -28.8 (-30.7) -11.2 (-13.5) -3.3 (-6.1) +5.7 (+2.0) 

2XNs -+ 3N2 x2 (3) 
MP2/6-3 lG(d,p)' -144.2 -164.4 -185.6 -193.2 -191.4 
MP2/LANL 1 DZ+P -137.6 -157.8 -184.4 -184.6 -183.6 

4 MP2/HUZ(d) for Br and I. Spin-projected (PMP2) results are given in parentheses. Reference 36a. Reference 36b. Reference 14d. /Ref- 
erence 37. 

Table IV. Calculated Total Energies E,,,, (Hartrees), Interatomic Distances rAB (A), and Zero-Point Vibrational Energies ZPE (kcal/mol) 
MP2/6-3 lG(d,p)' MPZ/LANLlDZ+P 

Elm. (32)  Etotb ?AB ZPE Et,(. (32)  E t o t b  TAB ZPE 

-109.26 16 
-55.0707 

-154.0584 
-514.0964 

-2624.7451 
-6967.6598 

-1.1577 
-199.0388 
-919.1912 

-5 140.5278 
-13826.3859 

-163.6997 
-0.4982 

-459.5621 

-691 3.1609 

-99.4890 

-2570.2285 

2.014 
2.019 
2.025 
2.041 
2.08 1 

0.904 

0.753 
0.755 
0.756 
0.757 

-5 5.0729 
-1 54.0614 
-5 14.0997 

-2624.7493 
-6967.6655 

-163.7149 

-99.4900 
-459.5632 

-2570.2295 
-691 3.1 620 

1.130 
1.035 
1.329 
1.640 
1.806 
2.005 
0.734 
1.421 
2.015 
2.309 
2.716 
1.184 

0 MP2/HUZ(d) for Br and I. Spin-projected energies. 

state can be considered an equal mixture of N2 (X)-NH (alA) 
and N2 (X).NH (blZ+). The calculated barrier for the disso- 
ciation (35.7 kcal/mol) is in excellent agreement with the value 
E, - 36 kcal/mol estimated from thermal dissociation studies 
in a shock tube.lU 

This result suggests that the stabilities of XN3 molecules may 
be. determined by the activation barrier for breaking the XN-NZ 
bond, which in turn involves singlet-triplet coupling along the 
reaction course. Because an accurate calculation of the disso- 
ciation barrier of XN3 yielding XN and NZ needs a very high 
level of theory which is not possible for larger atoms X a t  the 
present time, we calculated only the reaction energy of the cor- 
responding reaction 2. The reaction energies are converted into 

XN, (X'A') - N2 (X'Z'J + XN (X3Z-) + Do (2) 

Do enthalpies at  room temperature using the ZPE corrections 
(Table IV) and corrections for rotational and translational degrees 
of freedom (1.2 kcal/mol) and the work termpV(0.6 kcal/mol). 
The theoretically predicted results are shown in Table 111. 

The calculated reaction energies for reaction 2 show a stability 
for the halogen azides opposite to that which is predicted for 
reaction 1; i.e., FN3 is now least stable and IN3 is the most stable 
halogen azide. The theoretical values for the dissociation en- 
thalpy of HN3 (14.9 and 15.1 kcal/mol at  MP2, 13.5 and 13.7 
kcal/mol at  PMP2; Table 111) are in very good agreement with 
the experimental results of 15.0 kcal/mol by Melius)' and 17.5 

(37) Melius, C. Cited in ref 14c. 

2.9 
4.5 
1.6 
1.1 
1 .o 
0.9 
6.1 
1.3 
0.7 
0.5 
0.3 
5.6 

-1 09.2638 
-55.0769 

-154.0830 
-69.3248 
-67.5336 
-65.7437 

-1.1 576 
-199.0775 

-29.646 1 
26.0893 

-22.5367 
-163.7056 

-0.4976 
-99.5111 
-14.7228 
-1 3.0 140 
-1 1.241 1 

2.014 
2.020 
2.030 
2.045 
2.082 

0.919 

0.753 
0.756 
0.757 
0.757 

-5 5.079 1 
-154.0860 

-69.3284 
-67.5381 
-65.7496 

-163.7128 

-99.5 121 
-14.7895 
-1 3.01 52 
-1 1.2421 

1.139 
1.038 
1.342 
1.662 
1.808 
1.98 1 
0.733 
1.429 
2.023 
2.328 
2.699 
1.194 

2.8 
4.5 
1.6 
1.1 
1 .o 
0.9 
6.1 
6.1 
0.7 
0.5 
0.5 
5.8 

kcal/mol by Kajimoto et a1.IU The PMP2 results are not very 
different from the MP2 values, because the spin contamination 
in the UHF wave functions of XN (X3Z-) is not very high (Table 
IV) . 

The dissociation of XNJ into N2 and XN via reaction 2 is 
calculated as exothermic for F N 3 ,  ClN3, and BrN3 but endother- 
mic for IN3 and HN,. What is the thermodynamic driving force 
for fragmentation of these compounds? We calculated the 
reaction energy for dissociation of XN3 into X2 and N2 (reaction 
3). After correction for ZPE contributions, rotational and 
translational degrees of freedom (2.4 kcal/mol), and the work 
term (1.2 kcal/mol), the reaction enthalpies at  room tempera- 
ture Do for reaction 3 have been computed. 

2XN, - 3N, + X, + Do (3) 

Table I11 shows that reaction 3 is strongly exothermic for all 
XN3 molecules. It is interesting to note that the reaction en- 
thalpy of CIN3, BrN3, and IN3 in (3) is nearly the same, while 
thedissociation of FN3 and HN3 is less exothermic. This indicates 
that the higher tendency of FN3 to explodel is due to the weak 
FN-Nz bond (reaction 2). 

The calculated reaction enthalpies for reaction 3 may be used 
to predict theoretically the heats of formation AHfo at room tem- 
perature for the XN3 molecules. The heats of formation AHfo 
of NZ, H2, FZ, and Cl2 are zero, while AHfO(Br2) = 11 kcal/mol 
and AHfO(I2) = 15.7 kcal/mol.J* The calculated AHfo values 

(38) Lias, S. G.; Bartmess. J.  E.; Liebman, J.  F.; Holmes, J. L.; Levin, R. 
D.; Mallard, W. G. J. Phys. Chem. ReJ Data 1988, 17, Suppl. 1 .  
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Table V. Theoretical Predicted and Experimentally Observed Heats 
of Formation AHfo (kcal/mol) for XN, Molecules 
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to the nitrogen atom, which can be expected from the electrone- 
gativities of N and H. Integration of the atomic basins yields a 
negativechargeof-0.407 e for N1 and a positive chargeof +0.445 
e for H (Table VI). A covalent character of the H-N bond is 
indicated by the large negative value of -0.496 for Hb. The 
covalent bond order PAB” predicts less than a single bond for 
H-N. The PAB values suggest also that the N I - N ~  bond is 
intermediate between a single and a double bond and that the 
N2-N3 bond is nearly a triple bond. 

The Laplacian distribution of FN3 shows that the F-N bond 
is topologically very different compared with the H-N bond in 
HN3. There is a large area of charge depletion in the F-N in- 
teratomic region, and the position of the bond critical point rb is 
shifted toward the nitrogen atom by 0.105 8, relative to the non- 
polar midpoint (Table VI). This agrees with the higher elec- 
tronegativity of fluorine than nitrogen. The contour line diagram 
suggests at  first sight that F N 3  might beconsidered as ionic F-N3+. 
However, integration of the electronic charge over the atomic 
basins indicates a negative charge of only -0.302 e at  fluorine, 
while N1 carries a positive charge of +0.245 e. The F-N bond 
is characterized as covalent by the value of Hb = -0.209 (Table 
VI). It should be pointed out that the Laplacian distribution is 
not a measure for the absolute concentration of electronic charge; 
it rather reflects the curvature of p(r)  in three dimensions Xi ( i  
= 1-3).18 The curvature along the bond path X1 is always positive, 
while X2 and A3 are negative in the two directions perpendicular 
to the bond path. V2p(r) is positive if lXll > (IX21 + and it 
is negative if lXll < (1x21 + IA31). Thus, the Laplacian of the 
electronic charge is a sensitive probe to show the differences in 
the curvature of the charge distribution of two molecules, but it 
cannot be used as an absolute measure for the charge concen- 
tration. It has been shown that the Laplacian distribution for F2 
in the interatomic region is positive (depletion of charge), although 
the H b  value indicates a strong covalent bond.21.40 The covalent 
bond order P A B  indicates a F-N single bond in FN3 (Table VI). 

Chlorine is less electronegative than nitrogen, and the contour 
line diagram of V2p(r) for C1N3 shows a Cl-N region with a 
continuous range of charge concentration (Figure 3). The bond 
critical point rb is shifted toward the Cl atom by 0.141 8, relative 
to the nonpolar midpoint (Table VI). The C1 atom carries a 
positive charge of +0.118 e, while N1 has a negative charge of 
4 . 1 3 9  e. The Laplacian distribution of the Cl-N bond has a 
continuous range of charge concentration like HN3 along the 
X-N axis, but the value of H b  indicates that the covalency of the 
Cl-N bond (Hb = -0.13 1) is less than that of the F-N bond (Hb 
= -0.209; Table VI). On the other hand, the bond order index 
PAB of 1.101 for the Cl-N bond is slightly larger than for the 
F-N bond (Table 11), which suggests X-N single bonds in both 
cases. It seems that the value for Hb (the energy density at  the 
bond critical point rb) is sensitive to the distance of rb from the 
atomic nuclei. This will become more obvious in the final two 
examples. 

The Laplacian distributions of BrN3 and IN3 show large regions 
of charge depletions around the Br and I nucleuses, respectively. 
The bond critical point of the X-N bond is shifted toward Br by 
0.244A in BrN3 and toward I by 0.324 8, in IN3 (Table VI). The 
increase in the polarization is also reflected by the calculated 
charge distribution, which is +0.210 e (Br) and -0.221 e (N1) 
for BrN3 and +0.353 e (I) and -0.331 e (Nl) for IN3. The Hb 
values indicate less covalent contributions for the Br-N bond and 
particularly for the I-N bond compared with the other X-N 
bonds. But the bond order indices P A B  predict essentially covalent 
single bonds for Br-N (PAB = 1.049) and I-N (PAB = 0.969). 
It should be noted that PAB indices are usually quite sensitive to 
the bond polarity. For example, the PAB value for N2 is 3.038, 
but PAB for CO is only 1.509,22 Thus, the difference in the 
predicted covalency for the Br-N3 and I-N3 bonds between the 

HN3 FN3 ClN3 BrN3 IN3 
MP2/6-3 lG(d,p)’ 72.1 82.2 92.8 102.1 103.6 
MPZ/LANLlDZ+P 68.8 78.9 92.2 97.8 99.7 
exptl 7 1.8* 

7 1 .7c 

MP2/HUZ(d) for Br and I. * Reference 36a. Reference 38. 

for XN3 and the experimental value for HN3 are shown in Table 
V. The agreement between the theoretical and experimental data 
for the heat of formation of HN3 is very good. The AHf” values 
of the halogen azides increase in the order FN3 < ClN3 < BrN3 

4. Electronic Structure of XN3. The Laplacian distributions 
for XN3 molecules at  MP2/6-31G(d,p) in the molecular planes 
are shown in Figure 2. The results of the topological analysis of 
the wave functions are listed in Table VI. 

The Laplacian distribution exhibited in Figure 2 shows regions 
of electron depletion (V2p(r) > 0, dashed lines) and electron 
concentration (V2p(r) < 0, solid lines). The solid lines connecting 
the atomic nuclei are the bond paths.’* The solid lines separating 
the nuclei indicate the zero-flux surfaces in the molecular plane. 
The points where the solid lines are crossing between the atoms 
are the bond critical points rb.18 The shift of rb from the “non- 
polar” midpoint of a bond A-B may be used as a measure for the 
effective electronegativity of the atoms. If A and B are identical, 
the midpoint is simply the half of the calculated interatomic 
distance. If A and B are different as in case of the X-N bond 
in XN3, the sum of the atomic radii U N  and OX, corrected by the 
actual interatomic distance rXN, may be used to define the non- 
polar midpoint of the X-N bond. If the latter is given by its 
distance to the nitrogen atom mN, we define the nonpolar midpoint 
mN : 

< IN,. 

mN = (INrXN((IN + ax)-’ 

m N  = distance of the nonpolar midpoint from atom N 

aN = atomic radius of N in an N-N single bond 

ax = atomic radius of X in an X-X single bond 

r X N  = calculated interatomic distance X-N 

The shift in the bond critical point Arb shown in Table VI is 
then given by the distance between rb and mN for the X-N bond, 
with positive (negative) values indicating that rb is shifted towards 
the nitrogen (X) atom. A negative (positive) Arb for the NI-N2 
(N2-N3) bond means that rb is shifted toward N2 (N3). 

Visual inspection of the contour line diagrams exhibited in 
Figure 3 shows characteristic differences among the XN3 
molecules, particularly for the X-N bond. The N-H bond in 
HN3 is characterized by a continuous area of charge concentration 
similar to the N-N bonds. The bond critical point of the H-N 
bond is shifted by -0.056 A (Table VI) toward the hydrogen 
atom relative to the nonpolar midpoint of the N-H bond as defined 
above. Thus, a larger area of the H-N covalent bond is attributed 

(39) The following values for the covalent atomic radii have been used (in 
A): H,0.3ON,0.70;F,0.64;CI,O.99;Br, 1.14;1, 1.33. Theyaretaken 
from: Pauling, L. The Natureof the ChemicalBond; Cornel1 University 
Press: Ithaca, New York, 1960. In caseof N and F, the modified values 
were taken from: Schomaker, V.; Stevenson, D. P. J .  Am. Chem. SOC. 
1941, 63, 37. 

(40) Another very elegant way of describing the charge concentration in a 
covalent bond between electronegative atoms has recently been presented 
by: (a) Schwarz, W. H. E.; Ruedenberg, K.; Mensching, L. J .  Am. 
Chem. Soc. 1989, 111, 6926. (b) Mensching, L.; Von Niessen, W.; 
Valtazanos, P.; Ruedenberg, K.; Schwarz, W. H.  E. J .  Am. Chem. SOC. 
1989, 111, 6933. 
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( b )  

I 
Figure 2. Contour line diagrams of the Laplacian distribution V2p( r )  of HN3 (a), FN3 (b), ClN3 (c), BrN3 (d), and IN3 (e). Dashed lines indicate 
charge depletion (V2p( r )  > 0), and solid lines indicate charge concentration ( V p ( r )  < 0). The solid lines connccting the atomic nuclei are the bond 
paths, and the solid lines separating the atomic nuclei indicate the zero-flux surfaces in the molecular plane. 

PAB and Hb values cannot be attributed to the PAB indices being 
less sensitive to bond polarity. 

While the PAB and Hb indices make different predictions for 
the covalency of the X-N bond, they agree concerning the trend 
in the N,-N2 and Nz-N~ bonds (Table VI). The N I - N ~  bond 
of F N j ,  which was calculated to be the weakest among the XN3 

molecules (reaction 2, Table 111), has the smallest PAB and Hb 
values, and HN3 has the largest bond indices for the N I - N ~  bond. 
The PAB and Hb values for the N,-N2 bond show the same order 
as the calculated bond strength. The PAB data predict that the 
N I - N ~  bond is always intermediate between a single and a double 
bond, while the N2-N3 bond is nearly a triple bond. 
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Table VI. Results of the Topological Analysis of XN3 Molecules at 
MP2/6-31G(d,p) with HUZ(d) for Brand I: Energy Densities at 
the Bond Critical Point Hb (Hartrcc/A3), Charge Density at the 
Bond Critical Point Pb (e/A3), Distance between the Bond Critical 
Point and the Nonpolar Midpoint of the Respective Bond & (A), 
Bond Order PAB, and Partial Charges q 

HN3 
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has nearly a triple bond as indicated by the PAB values. The 
partial charge is always slightly negative at  Nz  and slightly positive 
at N3. 

5. Summary. The halogen azides XN3 are theoretically 
predicted to have trans-bent (C,) geometries with a nearly constant 
N3 bond angle of - 172’ and XNN angles which increase from - 103’ for F N 3  to - 11 1’ for IN3. The agreement between the 
calculated geometries a t  MP2/6-31G(d,p) and MP2/ 
LANLlDZ+P and the experimental values for HN3, F N 3 ,  and 
ClN3 is satisfactory. The X-N bond lengths for BrN3 and IN3, 
which have not been measured yet, are predicted as - 1.92 A for 
Br-N3 and -2.1 1 A for I-N3. A systematic comparison of the 
experimental vibrational frequencies and the calculated data using 
scaling factors suggests that in case of BrN3 and IN3 some 
assignments of the experimental spectra are probably incorrect. 

The X-N3 bond strength of the XN3 molecules is predicted to 
show the sequence H >> F > C1 > Br > I; Le., FN3 has the 
strongest X-N3 bond and IN3 has the weakest. Dissociation of 
XN3 into XN + N Z  is predicted as exothermic for F N 3 ,  ClN3, 
and BrN3, but endothermic for IN3 and HN3. The high tendency 
of FN3 to explode is traced back to the weak FN-N2 bond. The 
calculated H-N3 and HN-N2 bond dissociation energies and the 
heat of formation AHfo for HN3 are in very good agreement with 
experimental values. 

The topological analysis of the electronic wave functions shows 
that the X-N bond is essentially a single bond with a polarity 
Xg-N6+ for FN3 and Xb+-N” for ClN3, BrN3, and IN,. The 
covalent bond order index P A B  indicates that the NI-N2 bond in 
XN3 is intermediate between a single and a double bond and that 
the N2-N3 bond has nearly a triple bond. The partial charge is 
always slightly negative at N2  and slightly positive at N3. 

Acknowledgment. Stimulating discussions with Prof. K. Deh- 
nicke are gratefully acknowledged. We thank A. Gobbi for his 
technical assistance with the topological analysis. This work has 
been financially supported by the Fonds der Chemischen In- 
dustrie and the Deutsche Forschungsgemeinschaft. Additional 
support was provided by the computer companies Convex and 
Silicon Graphics. Additional computer time was given by the 
HLRZ Jiilich. 

Registry No. FN3, 14986-60-8; CIN3, 13973-88-1; BrN,, 13973-87- 
0; IN3, 14696-82-3; HN3, 7782-79-8. 

H-NI -0.496 0.329 -0.056 0.706 0.445 -0.407 -0.124 0.085 
N I - N ~  -0.552 0.420 -0.076 1.626 
N2-N3 -0.837 0.528 0.068 2.820 

F N 3  
H ( b )  Pb b b  PAB q(F) d N i )  dN2)  dN3)  

F-NI -0.209 0.266 0.105 1.006 -0.302 0.245 -0.098 0.160 
NI-NZ -0.500 0.403 -0.071 1.451 
N r N 3  -0.853 0.538 0.060 2.816 

C1Nq 

H(b) Pb hrb PAB dC1) d N I )  dN2)  dN3)  
Cl-Nt -0.131 0.189 -0.141 1,101 0.118 -0.139 -0 .113  0.136 
N l - N z  -0.522 0.412 -0.060 1.502 

BrNa 

N2-N3 -0.833 0.529 0.064 2.806 

H ( b )  Pb b b  PAB qWi) dN2)  dN3)  
Br-NI -0.071 0.136 -0.244 1.049 0.210 -0.221 -0.117 0.125 
N I - N ~  -0.527 0.415 -0.068 1.519 
N r N 3  -0.820 0.525 0.064 2.800 

IN3 

I-N1 ~ -0.038 0.099 -0.324 0.969 0.353 -0.331 -0.128 0.104 
N I - N ~  -0.536 0.420 -0,066 1.560 
N r N 3  -0.803 0.519 0.064 2.800 

Thus, the electronic structure of the XN3 molecules given by 
the topological analysis of the electronic wave functions is as 
following: The X-N bond is essentially a single bond with a 
polarity Xb-Nd+ for FN3 and Xd+-Nk for HN3, CIN3, BrN3, 
and IN3. The NI-NZ bond has a covalent bond order which is 
intermediate between a single and a double bond. The bond 
order indices PAB and Hb for the NI-NZ bond decrease with the 
same sequence as the calculated bond strength. The Nz-N3 bond 




