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Synthesis and Characterization of Carbonyl Diazide, OC(N3)2
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The previously recognized “extremely explosive” carbonyl diazide, OC(N3)2, was prepared as a pure compound and
unambiguously characterized by gas-phase IR, matrix IR, and Raman spectroscopy and X-ray crystallography for the first
time. The pure substance shows remarkable kinetic stability at room temperature in the gaseous, liquid, and solid states.
A melting point of 16 �C and vapor pressure of 5.6 mbar at 0 �C were determined. Two planar conformers were found in
the gas phase, and a composition of 12% anti-syn versus 88% syn-syn conformer in the gaseous equilibriummixture at
room temperature was estimated by matrix IR spectroscopy. In the crystal structure, only the more stable syn-syn
conformer was observed. The preference of the syn-syn configuration was supported by DFT calculations.

Introduction

Azides, known as a class of high-energy materials, have
beenwidely used in various fields of chemistry.1 Among these
azides, covalent polyazides of the type RM(N3)n are of
particular interest for preparative chemists due to their
high-energy content. Although they are usually rather sensi-
tive to heat, shock, and friction, the interest in their physical
and chemical properties has stimulated a large number of
studies in the past decade.Recently,many exciting polyazides
of group 15 (P, As, Sb)2 and 16 (Se, Te)3 elements have been
prepared and structurally characterized. As for the group 14
element carbon, numerous organic mono- and diazides are
well-known, and some of them are fairly stable at room
temperature and even commercially available. Very recently,

an extremely explosive polyazide of carbon, tetraazido-
methane, C(N3)4, was successfully isolated and characterized
by IR and NMR spectroscopy and mass spectrometry.4

As one of the simplest diazides of carbon, OC(N3)2, was
barely known; only a few references mentioned that it was
formed and used as an in situ reagent.5 More recently, it was
mentioned as a hydrolysis product of C(N3)4 as evidenced by
13C and 15N NMR spectroscopy,4 but it has never been
isolated as a pure substance up to now. It was even suggested
by the authors that “it is neverwise to isolate it andworkwith
only small quantities of solution at a time”.5a

Herein, we described a safe way of preparing and handling
OC(N3)2 as a pure substance in small quantities. Its physical
properties were obtained, and a full characterization of this
compound was carried out by IR (gas-phase, Ar matrix) and
Raman (solid) spectroscopy and X-ray crystallography.

Experimental Section

Caution! Covalent azides are potentially hazardous and
explosive! Carbonyl diazide, OC(N3)2, was supposed to be an
extremely explosive compound, and we found it is very shock-
sensitive in the solid state. Although we did not experience any
unexpected explosions during this work, safety precautions
(face shields, leather gloves, and protective leather clothing)
are strongly recommended, particularly in the case of handling
pure OC(N3)2 in the solid and liquid states.

Materials and Apparatus. Fluoro carbonyl chloride (FC(O)-
Cl) was taken out of a flame-sealed glass ampule, which was
stored under liquid nitrogen in a long-termDewar vessel, and its
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purity was checked by IR spectroscopy. Sodium azide (Alfa Aesar)
was purified according to a literaturemethod.6 The salt was washed
and dried at 100 �C before use. For the preparation of the 15N-
labeled sample, 1-15N sodium azide (98 atom % 15N, EURISO-
TOPGmbH) was used as received. Volatilematerials weremanipu-
lated in a glass vacuum line equipped with a capacitance pressure
gauge (221 AHS-1000, MKS Baratron, Burlington, MA), three U
traps, and valves with PTFE stems (Young, London, U. K.). The
vacuum line was connected to an IR gas cell (optical path length
20 cm, Siwindows, 0.6-mm-thick) contained in the sample compart-
ment of the FT-IR instrument (Bruker, Vector 22), which was used
for IR spectroscopic characterization of volatile products. The final
products were stored in flame-sealed glass ampules in liquid nitro-
gen.Glass ampules were opened on the vacuum line bymeans of an
ampule key,7 and appropriate amounts were taken out, followed by
flame-sealing the ampule with the remaining sample.

Synthesis. Carbonyl diazide, OC(N3)2, was prepared by react-
ing NaN3 (0.5 mmol) with FC(O)Cl (1.4 mmol) in a flame-sealed
glass ampule (i.d. 0.4 cm, o.d. 0.6 cm, length 20 cm) at room
temperature for 4 days.Volatile products from three batcheswere
collected and separated by repeated trap-to-trap condensation
(-60 �C,-100 �C,-196 �C). The product (ca. 60 mg), OC(N3)2,
was retained in the-60 �C trap as awhite solid. Themore volatile
product FC(O)N3was found in the-100 �C trap as confirmed by
its IR spectrum.8 Unreacted FC(O)Cl was retained in the-196 �C
trap. 1-15N sodium azide was used for the 15N-labeled sample
in a similarmanner.Thequalityof the sampleswas ascertainedby
gas-phase IR spectroscopy. The starting material FC(O)Cl was
chosen for the synthesis of OC(N3)2 rather than OCCl2 or OCF2

because, in the first step, FC(O)N3 is formed as a stable inter-
mediate by a fast chlorine-azide substitution reaction.8 In a
second step, this monoazide undergoes a slower fluorine-azide
substitution reaction to form OC(N3)2.

Vibrational Spectroscopy.Raman spectra were recorded on a
Bruker-Equinox 55 FRA 106/S FT-Raman spectrometer using
a 1064-nm Nd:YAG laser (200 mW) with 200 scans at a
resolution of 2 cm-1. For the low-temperature Ramanmeasure-
ment, a small amount of sample (ca. 20mg) was condensed onto
a stainless steel finger which was cooled with liquid nitrogen.
Subsequently, the coldfinger was rotated under high vacuum
conditions toward the laser beam. The sample was completely
recovered after the measurement.

Matrix IR spectra were recorded on a FT-IR spectrometer
(IFS 66v/S Bruker) in reflectance mode using a transfer optic. A
KBr beam splitter and an MCT detector were used in the region
of 5000 to 550 cm-1. For each spectrum, 200 scans at a resolution
of 0.25 cm-1 were coadded. The gaseous sample was mixed by
passing the argon gas through a U trap containing ca. 10 mg
of OC(N3)2, which was kept in an ethanol bath at a temperature
of -65 �C. By adjusting the flow rate of Ar (2 mmol/h), a small
amount of the resulting mixture (OC(N3)2/Ar ≈ 1:1000
estimated) was deposited within 10 min onto the matrix support
at 16 K (Rh-plated Cu block) under high vacuum conditions.
Details of the matrix apparatus have been described elsewhere.9

UV/Vis Spectroscopy. The UV spectrum of the gas sample
(0.5mbar) was recorded in the range 200-700 nmusing a quartz
cell (10 cm optical path length) on a Perkin-Elmer Lambda
EZ210 spectrophotometer.

Single Crystal Structure Determination. a. Crystal Growth
and Crystal Mounting. Single crystals of OC(N3)2 were grown in
an L-shaped glass tube (o.d. 0.6 cm, length 20 cm). Small
amounts (ca. 5 mg) of the compounds were condensed at
-196 �C into the upper part of the tube (above the bent), which

was connected to the vacuum line and subsequently flame-sealed.
The end without sample was immersed into an ethanol cold bath
at ca.-65 �C,while thewhole setupwith the cold bathwas kept in
a refrigerator at -20 �C. After 3 h, colorless crystals were
obtained in the bottom of the tube immersed in the cold bath.
Since solid OC(N3)2 is rather sensitive to a sudden change of
pressure, the transfer of the crystalsmust be done with great care,
i.e., the 6-mm glass tube with crystals was kept cold in a dry ice
bath (ca. -78 �C) and connected to the vacuum line. Then, the
tubewas opened to the vacuumwithanampule key,7 and the tube
was slowly filled with argon gas to 1 atm, followed by a quick
transfer of the crystals into a trough cooled by a flow of cold
nitrogen. A suitable cystal of OC(N3)2 was selected at ca.-70 �C
under the microscope and mounted as previously described.10

b. Collection and Reduction of X-Ray Diffraction Data.Crys-
tals were centered on an Oxford Diffraction Gemini E Ultra
diffractometer, equipped with a 2K� 2K EOS CCD area
detector, a four-circle κ goniometer, an Oxford Instruments
Cryojet, and sealed-tube Enhanced (Mo) and the Enhanced
Ultra (Cu) sources. For the data collection, the Cu source
emitting monochromated Cu KR radiation (λ=1.54184 Å)
was used. The diffractometer was controlled by the CrysAlisPro

Graphical User Interface (GUI) software.11 The diffraction
data collection strategy for OC(N3)2 was optimized with respect
to complete coverage and consisted of 10ω scans with awidth of
1�, respectively. The data collection for OC(N3)2 was carried
out at -123 �C, in a 1024 � 1024 pixel mode using 2 � 2 pixel
binning. Processing of the raw data, scaling of diffraction data
and the application of an empirical absorption correction was
completed by using the CrysAlisPro program.11

c. Solution and Refinement of the Structure. The solutions
were obtained by direct methods which located the positions of
all atoms. The final refinement was obtained by introducing
anisotropic thermal parameters and the recommended weight-
ings for all of the atoms. All calculations were performed using
the SHELXTL-plus package for the structure determination
and solution refinement and for the molecular graphics.12

Computational Details. Geometry optimizations were per-
formed using DFTmethods (B3LYP,13 BP86,14 MPW1PW9115)
with the 6-311þG(3df) basis set; local minima were confirmed by
harmonic frequency analyses. The complete basis set (CBS-QB3)
method was used for accurate energy calculations.16 All of the
calculations were performed using the Gaussian 03 software
package.17
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Results and Discussion

Physical Properties. The physical properties and stabi-
lity of OC(N3)2 are of great importance for its potential
applications. Carbonyl diazide is a white solid at low
temperature with a vapor pressure of 5.6 mbar at 0 �C.
Vapor pressures of the solid were measured in the tem-
perature range of -15 to 0 �C. From these vapor pres-
sures, an empirical equation was obtained (Figure S1,
Supporting Information):

log psolid ¼ - 2085:2=T þ 8:447 ðp in mbar,T in KÞ
It can easily be transferred by vacuum sublimation with
no noticeable decomposition. However, solid OC(N3)2 is
very shock-sensitive. For example, when a flame-sealed,
evacuated 6-mm glass tube containing small amounts of
solid carbonyl diazide (ca. 3 mg) was cracked open inside
a fumehood while kept at -196 �C, an explosion with a
flash of light was observed.
The melting point of OC(N3)2 was determined by

condensing in vacuo approximately 5 mg of sample into
the bottom of a capillary (o.d. 0.4 cm, i.d. 0.3 cm, length
20 cm). After flame-sealing the capillary above the sample
cooled with liquid nitrogen, the temperature was in-
creased at a rate of 1.0 �C/min starting at -30 �C (cold
ethanol bath). The colorless solidmelts sharply at 16 �C to
a colorless liquid. To assess the stability of the liquid in the
capillary, this sample was stored at room temperature for
two weeks. Upon cooling to-65 �C, the sample solidified
to a colorless solid OC(N3)2. The capillary was then
cooled with liquid nitrogen and hit in the fume hood,
which caused a violent explosion. Hence, gaseous and
liquid OC(N3)2 was found to be stable for two weeks at
room temperature.
The UV/vis spectrum of gaseous OC(N3)2 (Figure S2,

Supporting Information) shows two absorption bands,
similar to other covalent azides: λmax = 232 and 198 nm,
which are assigned to the nf π* and πf π* transitions,
respectively.

Vibrational Spectroscopy.Gas-phase and Ar matrix IR
spectra, as well as a low-temperature Raman spectrum,
were recorded of OC(N3)2. The IR and Raman spectra of
OC(N3)2 are shown in Figure 1, and the observed band
positions are listed in Table 1 and compared with the
calculated frequencies of the two conformers of OC(N3)2
at the B3LYP/6-311þG(3df) level of theory. Each con-
former has 18 fundamentals; 7 of these 18 modes are
stretching vibrations. Besides ν(CO), νas(NCN), and νs-
(NCN) stretches, the two azide groups give rise to sym-
metric and asymmetric N3 stretching modes, which are
coupled and appear as in-phase and out-of-phase vibra-
tions, resulting in overall four N3 stretches. In-phase and
out-of-phase combinations also exist for the in-plane and
out-of-plane bending, rocking, and torsional modes of
the two N3 groups.
Both conformers are asymmetric rotators, and in the

gas-phase IR spectrum, some bands exhibit band con-
tours of the A-, B-, A/B-, or C-type, which allows the easy
distinction between in-plane and out-of-plane vibrations.
For example, the bands at 723 and 569 cm-1 exhibit
contours with a prominent Q branch and are accordingly
attributed to out-of-plane deformation modes.

In the rotameric mixture, four bands for the asym-
metric N3 stretches are predicted around 2200 cm-1.
However, the agreement between observed and calcu-
lated band positions and intensities is not satisfactory,
likely because of anharmonic resonances with combina-
tion modes. The next two IR bands of the gas-phase IR
spectrum at 1756 and 1721 cm-1 exhibit B-type band
contours with a PR separation of 10 cm-1 as expected for
the two CO stretching modes. By comparison with the
calculated band positions and intensities, they are attrib-
uted to the anti-syn and syn-syn conformers, respec-
tively. Their frequency difference of 35 cm-1 is consistent
with the calculated frequency difference for the CO
stretches of the two conformers (42 cm-1, B3LYP/6-
311þG(3df); Table 1). The observed difference between
the CO stretching frequencies of the syn-syn and
anti-syn conformers of OC(N3)2 is similar to that observed
between the two conformers of FC(O)N3 (42 cm

-1).8 An
accurate estimate of the composition of the two confor-
mers based on their CO stretches in the gas-phase IR
spectrum is difficult due to overlap. In the IR spectrum of
Ar matrix isolated OC(N3)2 shown in Figure 1 (upper
trace), the two CO stretches associated with the two
conformers are well-separated and appear at 1747.3 and
1713.0 cm-1. An integration of the two band areas,
including all the matrix sites, gave a ratio of 1:3.2. By
taking the theoretically calculated ratio of their absor-
bances (2.2:1) into account, an anti-syn/syn-syn com-
position of 12% and 88% was derived for the two
conformers at room temperature, which is the same as
the predicted composition based on the difference of
the calculated Gibbs free energies at 298 K (B3LYP/6-
311þG(3df)) (vide infra). By heating the gas mixture of
OC(N3)2/Ar prior to its deposition as a matrix, the band
at 1747.3 cm-1 increased in intensity at the expense of that
at 1713.0 cm-1. Hence, the weaker band at 1747.3 cm-1 is
attributed to the anti-syn conformer rather than to a
combination or overtone band. The assignment of the IR
bands around 1250 cm-1 to the four νs(N3) stretching

Figure 1. Upper trace: IR spectrumofOC(N3)2 isolated in anArmatrix
at 16K (absorbanceA, resolution: 0.25 cm-1).Middle trace: IR spectrum
of gaseous OC(N3)2 at 298K (transmissionT, resolution: 2 cm-1). Lower
trace: Raman spectrum of solid OC(N3)2 at 77 K (Raman intensity I,
resolution: 2 cm-1).
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vibrations is also ambiguous due to possible disturbances
by combination modes. The expected satellites at νas and
νs(NCN) of the anti-syn conformer are too weak to be
detected. All modes below 590 cm-1 are strongly mixed
and are difficult to describe.
The Raman spectrum of OC(N3)2 in the solid state at

-196 �C shows one broad band at 1695 cm-1 for the CO
stretch, and the other major bands can also be satisfacto-
rily assigned to the syn-syn conformer. The appearance
of two weak bands at 898 and 608 cm-1 suggests the
existence of the anti-syn conformer in the solid that was
deposited of gaseous OC(N3)2 at -196 �C.
In order to aid the vibrational assignment, matrix IR

spectra of a 15N labeled sample were recorded. The
calculated and experimental isotopic shifts are listed in
Tables S1 and S2, Supporting Information. While the
lower-frequency bands are in excellent agreement be-
tween the experimental and calculated isotropic shifts,
analyses of the symmetric and asymmetric N3 stretching
bands are difficult, due to extensive overlap, the presence

of matrix-site splittings, and extensive disturbance by
anharmonic resonances.

Crystal Structure. Carbonyl diazide crystallizes in the
orthorhombic space group Pnma with four molecules per
unit cell (Table 2). The molecular structure is shown in
Figure 2, and the structural parameters are listed in Table 3.
The molecule adopts crystallographic Cs symmetry

with all the atoms in one plane. The two azide groups
are oriented in the syn position to the CdO bond with
respect to the two C-N bonds, and they are the same
within 3σ. The CdO bond length of 1.200(6) Å is much
shorter than that of OC(NH2)2 (1.258(1) Å, neutron
diffraction),18 consistent with the electron withdrawing
abilities of the substituents. The two C-N bonds are
1.407(8) and 1.412(7) Å, slightly longer than that of the
monoazide FC(O)N3 (1.390(4) Å) as determined by gas
electron diffraction.8

Table 1. Experimental and Calculated Vibrational Frequencies (cm-1) of OC(N3)2

aExperimental band positions and intensities: vvs, very very strong; vs, very strong; s, strong; m, medium strong; w, weak; and vw, very weak.
bB3LYP/6-311þG(3df) level; IR intensities (kmmol-1) in parentheses. cRelative Raman intensities are given in parentheses. d In cm-1. eMost intensive
matrix site.

(18) Swaminathan, S.; Craven, B.M.;McMullan, R. K.Acta Crystallogr.
1984, B40, 300–306.
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Quantum Chemical Calculations. Full optimizations
of all possible conformers on the potential energy sur-
face of OC(N3)2 were performed using DFT methods
of B3LYP, BP86, MPW1PW91, and CBS-QB3. Only
two conformers, denoted as anti-syn and syn-syn
(Figure 3), were found to be true minima. The anti/
syn notation refers to an anti/syn conformation of the
azide group to the CdO group with respect to the C-N
bond. A third planar conformer where the two N3

groups are both in the anti configuration to the CdO
bond was proven not to be a minimum with the occur-
rence of one imaginary frequency, which is probably
due to the repulsive interactions between the two N3

groups.

The calculated energies of the two conformers and
estimated isomeric composition are given in Table 4,
and the syn-syn conformer was found to be slightly more
stable than the anti-syn one with energy differences less
than 7 kJ mol-1 at all four considered DFT levels.
According to the calculated Gibbs free energy difference
between the two conformers (ΔG=4.99 kJ mol-1) at the
B3LYP/6-311þG(3df) level, contents of 11.9% anti-syn
conformer in the gas phase of OC(N3)2 can be estimated
at 298 K, which represents the best agreement with the
experimental content of 12% anti-syn conformers as
estimated by matrix IR spectroscopy. Thus, it can be
safely concluded that the carrier of the IR band with a
higher CO stretching frequency (gas-phase 1756 cm-1, Ar
matrix 1747.3 cm-1) is the anti-syn conformer, while the
IR band with lower CO stretching frequency (gas-phase
1721 cm-1, Ar matrix 1713.0 cm-1) is assigned to the
more stable syn-syn conformer.
The preference of the syn-syn configuration can be

attributed to a delocalization of the σ lone pairs at both
R-nitrogen atoms (n(NR)), N1 and N4, to the σ*(OC)
orbital, leading to a planar π-conjugating system in the
syn-syn conformer. In the anti-syn conformer, only the
lone pair atN1 can be effectively delocalized into σ*(OC).
On the basis of these assumptions, a longer C-O bond is
expected in the syn-syn conformer than that in the
anti-syn one, as confirmed by theoretical calculations
(syn-syn 1.203 Å, anti-syn 1.196 Å) as well as experi-
mental observation of a higher CO stretching frequency
associatedwith the anti-syn conformer than that with the
syn-syn conformer (Table 1).

Conclusions

The previously recognized “extremely explosive” carbonyl
diazide, OC(N3)2, was prepared as a pure compound and

Table 2. Summary of Crystal Data and Refinement Results for OC(N3)2

chemical formula CN6O

space group Pnma (No. 62)
a (Å) 5.431(2)
b (Å) 5.797(2)
c (Å) 13.800(4)
R (deg) 90
β (deg) 90
γ (deg) 90
V (Å3) 434.5(3)
Z (molecules/unit cell) 4
mol wt 112.07
calcd density (g cm-3) 1.713
T (�C) -123
μ (mm-1) 1.318
R1

a 0.0588
wR2

b 0.2180

a R1 is defined as
P

||Fo| - |Fc||/
P

|Fo| for I>2σ(I). b wR2 is defined
as [

P
[w(Fo

2 - Fc
2)2]/

P
w(Fo

2)2]1/2 for I > 2σ(I).

Figure 2. Molecular structure of OC(N3)2 as determined by X-ray
crystallography with thermal ellipsoids at the 50% probability level.

Table 3. Calculated and Experimental Structures of OC(N3)2

calculatedb experimental

parametersa anti-syn (Cs) syn-syn (C2v) X-ray crystallography

R(C1-O1) 1.196 1.203 1.200(6)
R(C1-N1) 1.425 1.408 1.407(8)
R(C1-N4) 1.404 1.408 1.412(7)
R(N1-N2) 1.242 1.243 1.274(7)
R(N2-N3) 1.118 1.118 1.111(7)
R(N4-N5) 1.243 1.243 1.265(7)
R(N5-N6) 1.120 1.118 1.111(6)
— (O1C1N1) 125.7 126.5 127.2(5)
— (O1C1N4) 122.1 126.5 127.2(5)
— (C1N1N2) 114.2 114.2 111.5(4)
— (C1N4N5) 117.8 114.2 111.8(4)
— (N1N2N3) 174.7 173.4 172.1(5)
— (N4N5N6) 171.9 173.4 172.6(6)

aBond lengths and angles are given in Å and deg, respectively. For
labeling of atoms, see Figure 3. bCalculated values at the B3LYP/6-
311þG(3df) level of theory; molecule symmetry is given in parentheses.

Figure 3. Calculated structures of OC(N3)2.

Table 4. Calculated Relative Total Energies (ΔE, kJ mol-1), Gibbs Free Energies
(ΔG, kJ mol-1) of the anti-syn to the syn-syn Conformers of OC(N3)2, and the
Content of the anti-syn Conformer at 298 K

method ΔE ΔG content (anti-syn)

B3LYP/6-311þG(3df) 6.9 4.99 11.9%
BP86/6-311þG(3df) 5.1 3.15 22.0%
MPW1PW91/6-311þG(3df) 6.8 4.86 12.5%
CBS-QB3 6.4 4.27 15.3%
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characterized by gas-phase IR, matrix IR, and Raman
spectroscopy and X-ray crystallography for the first time.
It was found to be rather shock-sensitive in the condensed
phase, but it showed remarkable thermal stability without
decomposition in the gas phase, liquid, and solid states.
The solid melts at 16 �C and can easily be transferred by
vacuum sublimation. Two conformers were observed in
the gas phase and also in an Ar matrix by IR spectro-
scopy, while only one conformer, in which bothN3 groups
are in a syn configuration to the CdO bond with respect
to the two C-N bonds, was observed in the solid state.
The structure of syn-syn-OC(N3)2 was determined by
low-temperature X-ray crystallography. The preference
of the syn-syn configuration was further supported by
DFT calculations.
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