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We have used negative ion photoelectron spectroscopy to measure the electron affinities of diazocarbene and
the diazomethyl radical: EA(Ì̃ 3Σ- CNN) ) 1.771( 0.010 eV, EA(Ì̃ 2A′′ HCNN) ) 1.685( 0.006 eV,
and EA(Ì̃ 2A′′ DCNN) ) 1.678( 0.006 eV. Our experimental findings are accurately reproduced by complete
basis set (CBS) ab initio electronic structure calculations: EA(Ì̃ 3Σ- CNN) ) 1.83( 0.03 eV, EA(Ì̃ 2A′′
HCNN) ) 1.69( 0.03 eV. We make use of the electron affinities of CNN and HCNN, together with the gas
phase acidity of diazomethane,∆acidH298(HCHN2) ) 372.2( 2.1 kcal mol-1 (CBS calculated value) 373.4
( 0.7), to find the bond enthalpies of H2CNN. We findDH298(H-CHN2) equal to 97( 2 kcal mol-1, which
closely agrees with the CBS-QCI/APNO-calculated value [DH298(H-CHN2) ) 98.5( 0.7 kcal mol-1]. From
proton transfer experiments in a Fourier transform mass spectrometer and a tandem flowing afterglow-selected
ion flow tube (FA-SIFT), we find∆acidH298(HCNN) ) 352( 4 kcal mol-1 in agreement with the CBS-QCI/
APNO-calculated value of 351.8( 0.7 kcal mol-1. Use of the experimental electron affinity, EA(CNN),
leads to the CH bond enthalpy of the cyanoamino radical,DH298(H-CNN) ) 79 ( 4 kcal mol-1 which is in
excellent agreement with the CBS-QCI/APNO-calculated value:DH298(H-CNN) ) 78.7( 0.7 kcal mol-1.
If we adopt the CBS-QCI/APNO value for∆fH298(CH2N2) [64.1 ( 0.7 kcal mol-1] as our reference, we
obtain ∆fH298(HCN2) ) 110 ( 2 kcal mol-1 and ∆fH298(CN2) ) 136 ( 5 kcal mol-1, which are again in
agreement with the CBS-QCI/APNO values:∆fH298(HCN2) ) 110.5( 0.7 kcal mol-1 and∆fH298(CN2) )
138.4( 0.7 kcal mol-1. We recommend revised experimental values for∆fH0(HCN) ) 30.9 ( 0.7 kcal
mol-1 and∆fH298(HCN) ) 30.8( 0.7 kcal mol-1 and find that the reaction CH (2Π) + N2 f HCN + N (4S)
to be slightly endothermic,∆rxnH0 ) 1.6 ( 0.7 kcal mol-1.

I. Introduction

In an internal combustion engine, air is the source of most
of the N atoms which produce nitric oxide. Three mechanisms
are proposed1 for the production of NO and these are designated
as “fuel NO”, “thermal NO”, and “prompt NO.” Nitrogen-
containing fuels (“fuel NO”) will have obvious routes to produce
NOx but most fuels are hydrocarbons. It has been known1 for
some time that “thermal” NO is generated in the post-
combustion region by the Zeldovich mechanism involving O
atoms and N2.

In most combustion processes, hydrocarbons are degraded to
produce radicals such as C, CH, and CH2. The “prompt”
formation of NO at the flame front is now recognized to involve

chemistry of the CH radical via the Fenimore mechanism:2,3

The reaction of the CH radical with N2 in (2a) provides an
interesting problem because spin is not conserved. This reaction
is written explicitly in (3)

The organic radical CH is known to cleave N2 to generate
HCN and N atoms, and it is conjectured that the adduct HCNN
is an important intermediate in this process. The diazomethyl
(HCNN) and diazocarbene (CNN) radicals are important
combustion species because they provide low energy paths to
cleave N2 to produce N atoms which are then rapidly oxidized
to nitric oxide.4 Thus the reaction of CH with N2 to produce N
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O + N2 f NO + N (1a)

N + O2 f NO + O (1b)

CH + N2 f HCN + N (2a)

HCN + O f NCO + H (2b)

NCO + H h NH + CO (2c)

NH + H h N + H2 (2d)

N + OH f NO + H (2e)

CH(Ì 2Π1/2) + N2(Ì
1Σg

+) f HCN(Ì̃ 1Σg) + N(4S3/2) (3)
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atoms connects internal combustion engines with NO produc-
tion. Nitric oxide emissions are the major factor driving urban
air pollution and automobiles are the major source of NO in
cities.

In this paper we will use negative ion photoelectron spec-
troscopy to characterize both the diazomethyl radical and
diazocarbene.

Our study of the spectroscopy of these radicals enables the
extraction of a number of thermodynamic constants. We will
use our results to establish the thermochemistry of HCNN and
CNN. Finally, with the experimental characterization of the
HCNN and CNN species, we will make some observations about
the mechanism of (3) at the conclusion of the paper.

How can we describe the electronic structure of CN2 and
HCN2 and what are the adducts of C or CH with N2? In this
paper we will study only the “linear” species HCNN and CNN.
The rings, the diazirinyl radical

and the diazirinylcarbene

will be addressed in future studies. The combination of C (3P)
with N2 (1Σg

+) leads to CNN which can be written5,6 as a dative
or coordinate structure, CNNÌ̃ (3Σ-):

Expression 5 for CNN can also be coupled as a singlet:1∆ or
1Σ+. The formulas for the singlets are written in such a way as
to minimize exchange coupling of the radical pair of electrons,
Kπ π, so one might write the a˜ 1∆ state as:

Starting with either (5) or (6), one would predict that the CNN-

ion is Ì̃ 2Π.

The earliest experimental identification of the CNN carbene
consisted of weak UV signals observed following irradiation7,8

of matrix isolated H2CN2. Diazocarbene has also been prepared
from the photodecomposition of NCN3 in a cryogenic matrix
and studied by EPR spectroscopy.9 Analysis of the magnetic
resonance spectrum led to the conclusion that the ground state
of CNN is Ì̃ 3Σ-. The infrared absorption spectrum of CNN

Ì̃ 3Σ- was studied10 in Ar and N2 matrices at 14 K. Irradiation
of NCN3 at 2100-2800 Å was used to produce CNN. The
three fundamentals were assigned asν1 [symmetric stretch (sym
st)] ) 1241 cm-1, ν2 (bend)) 393 cm-1, ν3 [asymmetric stretch
(asym st)]) 2847 cm-1. UV bands of CNN were observed at
4189 Å (23872 cm-1) and 3964 Å (25227 cm-1). Irradiation
of CH4 with Ly R (1216 Å) generated C atoms which combined
with N2 to produce the CNN carbene in a nitrogen matrix.11

LIF studies ofÌ̃ 3Σ- r Ã 3Π led to the assignmentTo(CNN)
) 23597 cm-1, and these spectra revealed constants for A˜ 3Π
(CNN): ν1 ) 1807,ν2 ) 525, ν3 ) 1322 cm-1. The spin-
orbit splitting was observed in A˜ 3Π2,1,0(CNN) and is|A| ) 9
cm-1, while the Renner-Teller parameter for the3Π state isε
) -0.07. An early ab initio electronic structure calculation12

of the geometry and harmonic frequencies of diazocarbene
suggested that the asymmetric stretch ofÌ̃ 3Σ- was misassigned
and that the vibrational frequencies should be reconsidered.
Recently,13 FT-LIF studies ofÌ̃ 3Σ--Ã 3Π were reported, and
the asymmetric stretch (ν3) was reassigned as 1419 cm-1 in
accordance with the ab initio predictions. These LIF studies
suggested that diazocarbene has an unusual electronic structure
such that the infrared intensity ofν3 is “accidentally” zero. The
previous value of 2847 cm-1 is actually the overtone 30

2.
Gas-phase reaction14 of C atoms (ablated by a laser) with N2

produced the CNN radical. The subsequent LIF studies ofÌ̃
3Σ--Ã 3Π foundTo(Ã 3Π) ) 23850 cm-1. These LIF studies
reported the rotational constants for both states:Ì̃ 3Σ- (CNN)
B0 ) 0.4136( 0.0100 cm-1 and Ã 3Π (CNN) B0 ) 0.4250(
0.010 cm-1. Table 1 summarizes the molecular constants13-15

of diazocarbene.
The HCNN molecule can be assembled16 by addition of CH

(2Π) to N2 or by the combination of a hydrogen atom with the
dative structure shown for CNNÌ̃ (3Σ-) above in (5). The
resulting Ì̃ (2A′′) of HCNN can be written as a resonance
formula:

Using HCNNÌ̃ (2A′′), one would write the corresponding anion
as HCNN-, Ì̃ (1A′). Similarly one expects that there will be
a low-lying excited state of diazomethyl radical, HCNN A˜ (2A′).
These species are shown in (9).

As the diazomethyl radical becomes linear, theÌ̃ (2A′′) and Ã
(2A′) states will collapse together as a degenerate Renner-Teller
pair, 2Π HCNN.

Very little is known experimentally about the HCNN
molecule. Mercury lamp irradiation of matrix-isolated H2CN2

produced the diazomethyl radical.17 A few of the infrared-active
fundamentals of HCNN were observed and these are listed in
Table 1.

The diazomethyl radical and diazocarbene have been the
subject of several ab initio electronic structure calculations,
summarized in Table 2. Early studies12 of CNN suggested that
the computed properties of this carbene varied wildly depending

HCNN- + pω351 nmf HCNN + e- (4a)

CNN- + pω351 nmf CNN + e- (4b)

HC
N

N

C
N

N
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upon the size of the basis set and nature of the Hamiltonian [as
the diagram in (5) suggests]. These calculations correctly
assigned the asymmetric stretch of CNN asν3 ) 1419 cm-1

and* 2847 cm-1.

II. Experimental Procedures

A. Negative Ion Photoelectron Spectroscopy.The pho-
toelectron spectra were collected on a spectrometer that has been
described elsewhere.18,19 We have used oxide ion chemistry20,21

to generate CNN- from diazomethane; CH2NN and CD2NN
were synthesized by standard methods22 and purified by several
freeze-pump-thaw cycles on a vacuum line. The chemistry21

used to produce the target ions is

The two ions atm/z40 and 41 were separated by a Wien velocity
filter and were photodetached by a CW Ar III ion laser that
provides 50-100 W of 351.1 nm light in the circulating build-
up cavity. The photodetached electrons are focused and pass
through a hemispherical energy analyzer, with an instrumental
resolution (fwhm) of 6-10 meV. In order to reduce rotational
broadening in the photodetachment spectra, we bathe part of

TABLE 1: Molecular Constants
Diazocarbene, CNN

State B0/cm-1 To/cm-1 ν1/cm-1 ν2 ν3 ref

Ì̃ 3Σ- (Ar matrix) 1241 393 2847 10, 11
Ì̃ 3Σ- (Ar matrix) 0.4136( 0.0100 1235 396 1419 13, 14
Ã 3Π (Ar matrix) 23 597 1325 525 1807 7, 8, 11, 13
Ã 3Π (gas phase) 0.4250( 0.0100 23 850 14
B̃ 3Σ - (Ar matrix) e39 950 15
C̃ 3Π (Ar matrix) 48 540 15

Diazomethyl Radical, HCNN

State ref

Ì̃ H-CNN stretch 3233 (Ar matrix) 15, 17
3229 (N2 matrix)

HC-N-N asym stretch 1787 (Ar matrix)
1784 (Kr matrix)
1800 (N2 matrix)

H-CNN bend 861 (Ar matrix)
860 (Kr matrix)
871 (N2 matrix)

DC-N-N asym stretch 1771 (Ar matrix)
D-CNN bend 725 (Ar matrix)

Ã HCNN T0 ) 30 500 cm-1 15

TABLE 2: Ab Initio Electronic Structure Calculations for CNN Ì̃ 3Σ-/HCNN Ì̃ 2A′′

CNN Ì̃ 3Σ-

harmonic frequencies,ω/cm-1 [infrared intensities, A/km mol-1]

calculation energy/au rCN/Å rNC/Å ω1(symmetric stretch) ω2(bend) ω3(asymmetric stretch) ref

ROHF/DZ -146.59094 1.175 1.357 68
ROHF/DZ+P -146.68096 1.159 1.339
ROHF/DZ+P -146.66081 1.169 1.307 2295[385] 320[1] 1091[47] 12
ROHF/TZ+P -146.67237 1.155 1.294 2266[354] 299[2] 1063[44]
CISD/DZ+P -147.01025 1.203 1.939 1939[359] 359[3] 1041[22]
CASSCF/DZ+P -146.78575 1.241 1.223 1461[15] naa 1177[0.3]
UHF/DZ+P -146.68336 1.198 1.205 1797[na] 386[na] 1169[na]
B3LYP-ROKS/DZP 1.271 1.225 1226[14] 402[9] 1411[1] 69
B3LYP-ROKS/DZP 1.271 1.225 1226[14] 402[9] 1411[1]
B3LYP-ROKS/TZ2P 1.254 1.204 1235[17] 361[7] 1401[3]
B3LYP-ROKS/TZ2P+f 1.252 1.204 1241[18] 393[7] 1429[3]
B3LYP-UKS/DZP 1.273 1.226 1220[11] 398[9] 1455[2]
B3LYP-UKS/TZ2P 1.254 1.205 1229[14] 357[8] 1444[3]
B3LYP-UKS/TZ2P+f 1.253 1.205 1235[14] 389[8] 1469[3]
UHF-QCISD/6-31G* 1.231 1.237 1205 na 1537 70

HCNN Ì̃ 2A′′

N C

H

N

rCH
rNN

rCN

θNNC

θNCH

calculation energy/au rNN/Å rNC/Å rCH/Å θNNC θNCH ref

ROHF/DZ -146.59094 1.175 1.357 68
ROHF/DZ+P -146.68096 1.159 1.339 68
SOCI/TZ2P -147.71492 1.143 1.340 1.082 110.88 62
CASSCF/TZ2P -147.45136 1.1527 1.3110 1.0755 168.03 113.24 64

a na ) not available.

O- + CH2NN f H2O + CNN- (m/z 40) (10a)

OH- + CH2NN f H2O + HCNN- (m/z 41) (10b)
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the flow tube with liquid N2. The vibrational and rotational
temperatures of the ions are roughly 200 K.

The photoelectron spectra are calibrated23 with respect to O-

and transformed to the center of mass (cm) frame by a standard
expression24 whereE is the center of mass (cm) kinetic energy
(eV) of an electron detached from an ion of mass M (amu)
which is passed by the energy analyzer when the slit voltage is
V. The beam energy isW, me is the mass of an electron, and
γ is the dimensionless scale compression factor (typically 1.000
( 0.006):

B. Negative Ion Mass Spectroscopy.FTMS: Experimen-
tal. The gas phase acidities of CH2N2 and HCN2 were measured
in a Fourier transform mass spectrometer (FTMS). A dual cell
model 2001 Finnigan FTMS equipped with a 3.0 T supercon-
ducting magnet was used to measure the proton affinities of
CHN2

- and CNN-. The first of these values was determined
by measuring the forward (k11) and reverse (k-11) rate constants,
and thus the equilibrium constant (k11/k-11 ) Kequi), for the
acid-base reactions with acetonitrile and its conjugate base (11).

A decalin solution of diazomethane was synthesized from
N-nitroso-N-methyl urea and 50% wt KOH as previously
described.22 Fluoride ion was formed by electron-impact
ionization (6 eV) of carbon tetrafluoride, which was pulsed into
one of the cells at a pressure of 1× 10-6 Torr. This ion was
allowed to react for ca. 2.0 s with a static pressure of
diazomethane (ca. 6× 10-8 Torr), which was introduced into
the cell via a slow leak valve, to afford diazomethyl anion
(CHN2

-). Diazomethyl anion was subsequently isolated by
applying the appropriate radio frequencies (SWIFT)25 to eject
F-, CF3

-, and any other ions present in the cell. The CHN2
-

anion was then transferred to the second cell and argon was
pulsed (2× 10-6 Torr) into the cell in order to thermalize the
ions. A static pressure of CH3CN (which was varied from ca.
5 × 10-8 to 1.0× 10-7 Torr) also was present in order to effect
the proton transfer reaction. The reverse reaction (-11) was
examined by deprotonating acetonitrile with fluoride and then
reacting CH2CN- with diazomethane.

Reaction rates for (11) were determined by monitoring the
disappearance of the reactant anion after allowing a 600 ms
interval for vibrational cooling with the added argon. All of
the reactions were followed over a 3-5 s time period (about 2
half-lives) under pseudo-first-order conditions. The bimolecular
rate constant (kII) was obtained using the following equation:

wherekobs ) the slope of ln[anion] vs time (in seconds),Rx )
the pressure gauge correction for the neutral26 (a function of
polarizability27), T ) 300 K, andP ) the pressure of the neutral
compound (Torr).

The atomic oxygen ion (O-) was generated by electron-
impact ionization (1.6 eV) of a pulse of nitrous oxide (ca. 1×
10-6 Torr). This ion was allowed to react for 2.0 s with a static
pressure of diazomethane (ca. 6× 10-8 Torr) to give both
CHN2

- and CNN- in about a 1:2 ratio. The latter species was
isolated in one cell (SWIFT)25 and then transferred to the other
where the ions were thermally equilibrated by collisions with

argon at pressures in excess of 10-6 Torr. The CNN- ion was
then added to different reference acids at static pressures of
roughly 1× 10-7 Torr. To ensure that the observed conjugate
bases (A-) were not the result of hot ions, the initial product
ions were ejected from the cell and proton transfer was recorded
as positive only if A- grew back in with time. In one instance
(the reaction with CH3CH2SH), diazomethane was used as the
collision gas since it should be a more efficient quencher for
CNN-. No difference (compared to Ar) was noted.

FA-SIFT: Experimental. A tandem flowing afterglow-
selected ion flow tube was employed to bracket the gas phase
basicity of CNN-. The instrument has been described in detail
previously.28 The O- ion is generated in the source flow tube
by electron impact on traces of nitrous oxide in the helium buffer
gas (0.3 Torr). Diazomethane is then added from a solution in
decalin, and CNN- is formed by a rapid dehydrogenation
reaction. The ions are extracted from the source flow tube,
focused with a series of lenses, and the CNN- ions are mass
selected by a quadrupole mass filter. The helium and neutral
precursors are removed by pumping and the mass selected ions
are refocused and injected through a Venturi inlet into the
reaction flow tube. The ions are entrained in a fast flow of
helium buffer gas (V ) 80 m/s andP ) 0.5 Torr) and allowed
to undergo thousands of collisions with helium before entering
the reaction region. The bracketing acids [CH3SH, C2H5SH,
(CH3)3CSH, or CH3CO2H] are introduced through a manifold
of inlets, and the reactant and product ions are monitored with
a detection quadrupole mass filter coupled with an electron
multiplier. The flow rates of the neutral reagents are measured
by monitoring the pressure increase with time in a calibrated
volume system. Bimolecular rate constants are determined from
the slope of the semi-logarithmic decay of the reactant ion as a
function of reaction distance, the measured reactant and helium
flow rates, the pressure of helium, and the temperature (300
K). Small corrections were made to the product distributions
to account for the reactions of HCNN- ions which were present
in trace amounts (=1% of CNN-).

III. Results

A. Photoelectron Spectroscopy. Figure 1 presents the
photoelectron spectrum of the CNN- ion. Because of imperfect
mass-resolution, this spectrum is slightly contaminated with a
peak due to the HCNN- ion. There are three sets of transitions
in the CNN- spectrum. The peaks with the highest kinetic
energy (=1.75 eV) correspond to detachment from theÌ̃ 2Π
CNN- ion to theÌ̃ 3Σ- ground state of CNN. The features at

E ) Ecal + γ(V - Vcal) + meW( 1
Mcal

- 1
M)

HCNN- + CH3CN h CH2NN + CH2CN- (11)

kII )
kobsRx T

9.66× 1018 [P]
(12)

Figure 1. Negative ion photoelectron spectrum of the CNN- ion: the
(0,0) feature occurs at an electron kinetic energy of 1.761( 0.010 eV.
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about 0.9 eV are assigned to a˜ 1∆ CNN, and the weak band at
roughly 0.4 eV belongs to the b˜ 1Σ+ state of CNN. The
positions of these peaks are collected together in Table 3. The
(0,0) band occurs at cm kinetic energy 1.761( 0.010 eV. Since
the laser wavelength isλo ) 351.1 nm (3.531 eV), the
uncorrected or “raw” electron affinity is EA(CNN)) 1.770(
0.010 eV. There are no prior reports of any singlet states of
CNN. We findT0(1∆ CNN) ) 0.846( 0.014 eV andT0(1Σ+

CNN) ) 1.325( 0.015 eV. We assign the fine structure of
the 1∆ CNN state as theν3 fundamental (1600( 120 cm-1)
and the overtone (302 ) 3195( 120 cm-1).

Figure 2 is an expanded trace of theÌ̃ 3Σ- CNN state. We
can use the CNN constants from Table 1 to identify many of
the bands. We assign a pair of features to excitation of the
symmetric CNN stretch, 101 (1230 ( 120 cm-1), and the
asymmetric stretch, 30

1 (1425( 120 cm-1). We clearly observe
the overtone of the CNN bend as well, 20

2 (770 ( 120 cm-1),
and there appears to be a weak feature at a proper energy for
the fundamental, 201 (390( 120 cm-1). The weak activity of
the bending mode, 20

1, is unusual because excitation of a single
quantum of aπ mode is normally forbidden in a photoelectron
spectrum.29 All of these bands appear to be split by roughly

40-80 cm-1 and it is likely due to the spin-orbit splitting in
theÌ̃ 2Π CNN- ion. The isoelectronic species CNO has been
studied30 and forÌ̃ 2Π3/2 CNO A′′ ) -110.5 cm-1.

TABLE 3: Photoelectron Bandsa

Angular Distributions fit toI(θ) ) σj/4π[1 + â(E) P2 (cosθ)]

species
cm kinetic
energy/eV

vibrational
splitting/cm-1

electronic
splitting/eV

anisotropy
â(E)

CNN r CNN-

3Σ-

(0,0) 1.761( 0.010
20

1 1.712( 0.011 392( 120
20

2 1.665( 0.011 771( 120
10

1 1.608( 0.011 1231( 120
30

1 1.584( 0.011 1424( 120
â(3Σ-) -0.91( 0.15
1∆

(0,0) 0.915( 0.010 0.846( 0.014
30

1 0.717( 0.011 1597( 120
30

2 0.519( 0.011 3194( 120
â(1∆) -0.43( 0.15
1Σ+

(0,0) 0.436( 0.011 1.325( 0.015

HCNN r HCNN-

2A′′
(0,0) 1.847( 0.006
50

1 1.787( 0.006 484( 70
20

1 1.626( 0.007 1782( 77
20

150
1 1.567( 0.008 2258( 81

â(2A′′) -0.84( 0.15
2A′

(0,0) = 1.172( 0.010 0.522( 0.012e T0 e 0.675( 0.012
â(2A′) 0.0( 0.15

DCNN r DCNN-

2A′′
(0,0) 1.853( 0.006
50

1 1.796( 0.006 460( 70
20

1 1.631( 0.007 1791( 74
20

150
1 1.578( 0.007 2218( 78

2A′
(0,0) = 1.176( 0.010 0.522( 0.012e T0 e 0.677( 0.012

a Final results. The features for CNN are fit to a Gaussian peak shape to within(0.002 eV and this molecule requires a rotational correction
(-0.0004 eV), a CNN- spin-orbit correction (roughly 60 cm-1 or 0.007 eV), and accommodation for the uncertainty in the energy linearity of the
analyzer (0.006 eV). After provision for rotational and spin-orbit uncertainties is made, the (0,0) peak is located at cm kinetic energy 1.760 eV.
Since the laser energy is 3.531 eV, we find EA(Ì̃ 3Σ- CNN) ) 1.771( 0.010 eV. The transitions of HCNN are fit to a Gaussian peak shape to
within ( 0.002 eV, and this molecule requires a rotational correction (-0.0007 eV) and no spin-orbit correction. After provision for this rotational
uncertainty is made, the (0,0) peak is located at cm kinetic energy 1.846( 0.006 eV. Since the laser energy is 3.531 eV, we find EA(Ì̃ 2A′′ HCNN)
) 1.685( 0.006 eV and EA(Ì̃ 2A′′ DCNN) ) 1.678( 0.006 eV.

Figure 2. An expanded plot of the vibronic fine structure of the3Σ-

state of diazocarbene, CNN. We observe excitation of all three
vibrational modes of CNN:ν1 (symmetric CNN stretch, 1199 cm-1),
ν2 (bend, 405 cm-1), andν3 (asymmetric CNN stretch, 1420 cm-1).
Besides the bending overtone, 20

2 (811 cm-1), we also observe a weak
feature at the proper energy for the fundamental, 20

1.

7104 J. Phys. Chem. A, Vol. 102, No. 36, 1998 Clifford et al.



Figure 3 is the photoelectron spectrum of the HCNN- ion.
Two different electronic states are observed which we assign
asÌ̃ 2A′′ HCNN and Ã2A′ HCNN. From the Franck-Condon
profile of the Ì̃ 2A′′ state, we see that the structure of the
HCNN- ion is very close toÌ̃ 2A′′ HCNN. In contrast, the
geometry of Ã2A′ HCNN is quite different from that of the
HCNN- anion. In Figure 4, we have plotted an overlay of the
photoelectron spectra of HCNN- and DCNN-, and it is evident
that there is only a small isotope shift. Consequently the active
modes are not H-containing fundamentals. This is consistent
with the small change in the calculated HCN angle from 109.2°
in HCNN- to 111.0° in Ì̃ 2A′′ HCNN. We have relied on the
fragmentary HCNN constants (Table 1) and our B3LYP DFT
ab initio electronic structure calculations (Table 3) to assign
these active modes. The observed low frequency vibration at
485 cm-1 must have a′ symmetry and consequently cannot be
the a′′ out-of-plane bending mode. The vibronic features excited
in the Ì̃ 2A′′ band belong to the in-plane N-N-CH bend,ν5

) 485 ( 70 cm-1 (50
1) and to the asymmetric N-N-CH

stretch,ν2 ) 1780( 77 cm-1 (20
1). Our B3LYP calculations

suggest thatν2 is an intense IR band, and this is certainly the
mode observed in the matrix infrared spectrum at 1787 cm-1

(Ar matrix).17 We also observe the combination band, 20
150

1

(Figure 4). From the spectral origins we compute the “raw”
EA(HCNN) ) 1.684( 0.006 eV and the “raw” EA(DCNN))

1.679( 0.006 eV. Figure 5 is an expanded scan over the A˜
2A′ states of HCNN and DCNN. The complex structure in
Figure 5 is reproducible, and we believe that these features are
real. There is an irregular progression in2A′ HCNN with
splittings of 400-500 cm-1, but in2A′ DCNN we cannot resolve
the small splittings (=80-170 cm-1). The origins of the A˜
2A′ states of HCNN and DCNN are not easily assigned, and
we can only identify upper bounds for these ions as 1.325(
0.010 eVg Ã 2A′ HCNN (0,0)g 1.172( 0.010 eV and 1.325
( 0.010 eVg Ã 2A′ DCNN (0,0)g 1.176( 0.010 eV. These
origins imply 0.522( 0.012 eVe T0(2A′ HCNN) e 0.675(
0.012 eV and 0.522( 0.012 eVe T0(2A′ DCNN) e 0.678(
0.012 eV. These complex spectra indicate that there is a large
geometry change following detachment of the HCNN- negative
ion to produce the2A′ excited state of HCNN. From the
schemes in eq 13, we anticipate that detachment of the HCNN-

anion to produce A˜ 2A′ HCNN will strongly excite the H-CNN
bending mode,ν5. The calculated H-CdNN angle increases
from 109.2° in HCNN- to 147.4° in Ã 2A′ HCNN.

Expression 13 suggests that we might consider A˜ 2A′ HCNN
to be a wide-amplitude bender (or a “floppy” ) radical.31

The yields of photodetached electrons are angle dependent.
The distribution of scattered photoelectronsI(θ) is approxi-
mated32,33 by the following expression.

In this expression,θ is the angle between the polarization of
the laser light (Elaser) and the electron collection direction,σj is
the average photodetachment cross section, andâ(E) is the
anisotropy factor which depends on the energy of the scattered
electronE. The anisotropy factorâ(E) can vary from-1 to
+2 (-1 e â e 2). The photoelectron spectra shown in Figures
1-5 are collected under conditions whereθ is set to the “magic
angle” of 54.7°, whereP2(cosθ) ) 0 so thatI(θ) ) σj/4π and
is independent ofâ(E). If spectra are collected atθ ) 0° (Elaser

and collection direction||) andθ ) 90° (Elaser and collection

Figure 3. Negative ion photoelectron spectrum of the HCNN- ion:
the (0,0) feature occurs at an electron kinetic energy of 1.852( 0.008
eV.

Figure 4. An overlay of the photoelectron spectra of the HCNN- (b)
and DCNN- (2) ions. The vibronic features of theÌ̃ 2A′′ HCNN state
have been enhanced by a factor of two. Excitation of theν5 (in-plane
N-N-CH bend, 449 cm-1) and ν2 (asymmetric N-N-CH stretch,
1770 cm-1) modes are marked.

Figure 5. An overlay of the photoelectron spectra of the HCNN- (b)
and DCNN- (2) ions in the region of the A˜ 2A′ HCNN state. The
origin of the2A′ state is HCNN (0,0)) 1.172( 0.010 eV and DCNN
(0,0) ) 1.176( 0.010 eV.

I(θ) ) σj
4π

[1 + â(E)P2(cosθ)] (14)
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direction⊥), one can extract a value for the anisotropy factor.

The value ofâ provides an important clue as to the nature of
the photodetached electron. For atoms, detachment of an s
electron leads to an outgoing p-wave (l ) 1) and â ) +2,
independent of the electron kinetic energy. Detachment of a p
electron results in a mixture of interfering s- and d- waves and
leads to an energy dependent value forâ(E). At the photode-
tachment threshold, s-wave (l ) 0) detachment dominates giving
â ) 0 and yielding an isotropic photoelectron angular distribu-
tion. At photoelectron kinetic energies roughly 1 eV above
threshold, d-wave detachment becomes important andâ f -1.
Electron detachment from molecular ions is more complicated
than the atomic case, butâ is generally found to be positive for
detachment forσ (s-like) electrons and negative for detachment
for π (p-like) electrons.

Use of (15) leads to the following anisotropy factors;â(CNN,
3Σ-; 1.76 eV kinetic energy)) -0.91( 0.15 andâ(CNN, 1∆;
0.92 eV kinetic energy)) -0.43( 0.15;â(HCNN, 2A′′; 1.85
eV kinetic energy)) -0.84( 0.15. All of theseâ values are
suggestive of ejection of aπ-like electron from both the CNN-

and HCNN- anions and are in qualitative agreement with our
pictures of these negative ions in (7) and (9). Furthermore, we
measureâ(HCNN, 2A′; 1.17 eV kinetic energy)) 0.0 ( 0.15.
This is consistent with detachment of an electron from theσ-like
“lobe orbital” of HCNN- Ì̃ (1A′) in (13), which has a different
shape than the high-lyingπ-like orbital of HCNN-.

In order to aid in the interpretation of the photoelectron
spectra, we have carried out a uniform set of ab initio electronic
structure calculations on diazocarbene and the diazomethyl
radical as well as their corresponding anions. Our calculations
are DFT/B3LYP computations34 in a 6-311++G(2df,p) basis
and they are reported in Table 4.

B. Negative Ion Chemistry. Studies of the reactions of
the diazomethide and diazocarbene ions were made with the
FTMS over the course of several days andk11 ) (2.02( 0.11)
× 10-10 cm3 s-1 while k-11 ) (3.96( 0.52)× 10-10 cm3 s-1.
The given error represents the standard deviation of nine and
eight observations, respectively; the average correlation coef-
ficient (r2) for all of the kinetic plots was 0.995. It is unlikely,
however, that the absolute error for this type of measurement
is less than 20%, primarily because of the difficulty in accurately
determining the pressure of the neutral compound. Therefore,
this larger uncertainty was used to propagate the error andKequi-
(11) ) 0.51 ( 0.14 while ∆rxnG298(11) ) 0.40 ( 0.12 kcal
mol-1.

TABLE 4: Ab Initio Electronic Structure Calculations in a 6-311 ++G(2df,p) Basis

calculation energy/au 〈S2〉 rCN/Å rNN/Å Be/cm-1 µ/D[δ-CdNdNδ+]

CNN Ì̃ 3Σ-

ROHF -146.68125 2.0 1.156 1.289 0.433 0.33
UHF -146.70539 2.184 1.188 1.228 0.446 1.01
DFT B3LYP -147.49478 2.035 1.232 1.195 0.441 0.74

CNN- Ì̃ 2Π
DFT B3LYP -147.56169 0.764 1.217 1.230 0.435

Harmonic Vibrational Frequencies (unscaled) and IR Intensities:ω/cm-1 [A/km mol-1]

calculation ω1/CNN symmetric stretch ω2/CNN bend ω3/CNN asymmetric stretch

CNN Ì̃ 3Σ-

ROHF CN-N stretch 1079 [41] 329 [0.5] 2270 [364]
UHF CN-N stretch 1175 [0.2] 406 [3] 1758 [0.7]
DFT B3LYP 1283 [16] 409 [7] 1517 [0.3]

CNN- Ì̃ 2Π
DFT B3LYP 1211 [134] 522 [9] 1692 [406]

HCNN

N C

H

N

rCH
rNN

rCN

θNNC

θNCH

HCNN Ì̃ 2A′′ (B3LYP/6-311++G(2df,p)) HCNN- Ì̃ 1A′ (B3LYP/6-311++G(2df,p))

rNN/Å 1.151 1.171
rNC/Å 1.268 1.263
rCH/Å 1.088 1.092
θNNC 170.5 172.7
θNCH 116.0 114.2
Ae/cm-1 20.504 19.794
Be/cm-1 0.412 0.407
Ce/cm-1 0.403 0.399
energy/au -148.129 54 -148.191 05

〈S2〉 0.765 0
µ/D [δ-HCdNdNδ+] 1.65

Harmonic Vibrational Frequencies (unscaled) and IR Intensities:ω/cm-1 [A/km mol-1]

ω1(a′)
(C-H stretch)

ω2(a′)
(N-N-CH asymmetric stretch)

ω3(a′)
(N-N-CH symmetric stretch)

ω4(a′)
(NNC-H bend)

ω5(a′)
(N-N-CH bend)

ω6(a′′)
(N-N-CH bend)

HCNN 3147[4] 1879[283] 1258[4] 888[279] 537[26] 486[0.1]
DCNN 2319[6] 1868[320] 1223[29] 740[115] 485[44] 474[3]
HCNN- 3055[57] 1996[1264] 1271[11] 959[186] 558[27] 607[0.4]

â )
I0° - I90°

1/2I0° + I90°

(15)
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In order to obtain the proton affinity of CHN2-, or equiva-
lently ∆acidH298(CH2N2), the change in entropy,∆rxnS298(11) is
needed. This was determined to be∆rxnS298(11) ) 1.17 cal
mol-1 K-1 and was obtained as the sum of the translational,
rotational, and vibrational contributions for each species using
standard statistical mechanics expressions.35,36 Rotational con-
stants and frequencies used in these formulas were taken from
HF/6-31+G(d) calculations and the latter values were scaled37

by an empirical factor of 0.893. The resulting∆rxnH298 (0.75
( 0.12 kcal mol-1) was combined38 with ∆acidH298(CH3CN) )
372.9 ( 2.1 to yield the enthalpy of deprotonation of diaz-
omethane: (∆acidH298(CH2N2) ) 372.2( 2.1 kcal mol-1.

Bracketing experiments with the CNN- ion have been carried
out with a variety of acids in the FTMS to determine the proton
affinity, PA, of the ion. For both thiomethanol and thioethanol,
the conjugate base RS- is detected but it is present even when
the m/z 40 ion (CNN-) is ejected from the cell and when
diazomethane is omitted from the experiment. A fast reaction
between the thiol and CNN- does take place leading to a
significant amount of signal loss. The thiolate intensity does
not increase with time, however; therefore, proton transfer does
not appear to be taking place. For proton transfer with (CH3)3-
CSH, the (CH3)3CS- signal only slowly grows in with time.
Proton transfer with acetic acid is observed to occur. These
results are summarized in Table 5 and indicate that PA(CNN-)
≡ ∆298Hacid(HCN2) is 352 kcal mol-1.

In the FA-SIFT instrument the CNN- anion undergoes rapid
reaction with CH3SH, C2H5SH, (CH3)3CSH and CH3CO2H; the
reaction rate constants and product distributions are summarized
in Table 5. For both CH3SH and C2H5SH, no product ions are
observed and exothermic reactive detachment processes are
presumed to occur (e.g., CNN- + CH3SH f H2CNN + CH2S
+ e-). For both (CH3)3CSH and CH3CO2H, the conjugate bases
[(CH3)3CS- and CH3CO2

- respectively], are formed by
proton transfer. For reactions of acetic acid, clusters
[CH3CO2

-(CH3CO2H)] were also observed; no other ions were
detected. The FTMS and FA-SIFT results indicate that∆298Ha-

cid(HCN2) ) 352( 4 kcal mol-1, where the conservative error
bars reflect uncertainties in the acidity values of the bracketing
compounds as well as the occurrence of processes in competition
with proton transfer. These experimental data provide no
information as to which end of CNN- is protonated (i.e., C vs.
N).

IV. Thermochemistry

In order to gain insight into the chemistry of C and CH with
N2, we need to establish the thermochemistry of CNN and
HCNN. Our negative ion results enable us to determine most
of the thermodynamics of these reactive intermediates.

The chemistry and spectroscopy of negative ions provides a
useful avenue to extract a number of thermochemical param-
eters.39 If one can measure the enthalpy of deprotonation for a
species RH, [∆acidH298(RH)], and separately find the electron
affinity of the corresponding radical, [EA(R)], then a simple
cycle that uses the ionization potential of H atom can provide
a value for the bond enthalpy [DH298(RH)].

Since the sum of the integrated heat capacities is always small
(e 0.3 kcal mol-1),39 the term in brackets can be ignored and
we will use a more common expression,∆acidH298(RH) = DH298-
(RH) + IP(H) - EA(R).

The gas-phase acidity of diazomethane was measured previ-
ously in a flowing afterglow device40 and the enthalpy of
deprotonation (373( 3 kcal/mol) is in excellent accord with
our determination of∆acidH298(H-CHNN) ) 372.2( 2.1 kcal/
mol. Use of the electron affinity, EA(HCNN)) 38.9 ( 0.1
kcal mol-1, leads to a value for the bond enthalpy of diaz-
omethane,DH298(H-CHNN) ) 97 ( 2 kcal mol-1. The bond
enthalpy at 298 K and the bond energy at 0 K are related by
the heat capacities.

Since the integrated heat capacity for H atom is5/2 RT, we
estimateD0(H-CHNN) ) 96 ( 2 kcal mol-1.

There have been several experimental determinations of the
∆fH0(CH2N2). Photochemical studies41 of CH2N2 imply ∆fH0-
(CH2N2) g 51.3 kcal mol-1 and Benson42 tabulates a value,
∆fH300(CH2N2) ) 71 kcal mol-1. Recent ab initio electronic
structure calculations (G2) have established the energetics of
diazomethane.43 The G2 calculations and CBS ab initio results
(vide infra) are in agreement, and we adopt the CBS-QCI/APNO
values: ∆fH0(CH2N2) ) 65.7 ( 0.7 kcal mol-1 and ∆fH298-
(CH2N2) ) 64.1( 0.7 kcal mol-1. Consequently our experi-
mental values forDH298(H-CHNN) andD0(H-CHNN) lead
to the heats of formation:∆fH0(HCNN) ) 110.4( 2.0 kcal
mol-1 and∆fH298(HCNN) ) 109.8( 2.0 kcal mol-1.

The energetics of diazocarbene could be established if we
had a reliable value for∆acidH298(HCNN). The FTMS and FA-
SIFT results (vide supra) both indicate that∆acidH298(HCNN)

TABLE 5: Acidity Data for the Proton Affinity of CNN -: HA + CNN- f A- + HCNNa

HA ∆298Hacid(HA) proton transfer FA-SIFT rates

FTMS FA-SIFT kTOTAL/cm3 s-1 yield[A-]/loss[CNN-]
m-methylaniline 366.8( 2.1 -
CF3CH2OH 361.9( 2.5 -
pyrrole 358.7( 2.2 -
CH3SH 356.9( 2.2 - - 1.1× 10-9 0%
CH3CH2SH 355.2( 2.2 - - 1.5× 10-9 0%
4-methylpyrazole 354.8( 2.1 -
pyrazole 353.8( 2.1 -
(CH3)3CSH 352.5( 2.2 + + 1.4× 10-9 ∼2-3%b

CH3CO2H 348.6( 2.9 + + 1.0× 10-9 ∼25%b

a All acidity values are in kcal mol-1 and were taken from Lias et al.38 The observation or nonobservance of A- indicated by+, -. b Corrections
for mass discrimination would increase these values slightly.

∆acidH298(RH) ) DH298(RH) + IP(H) - EA(R) -

∫0

298
dT[Cp(R) - Cp(R

-) + Cp(H) - Cp(H
+)] (16)

DH298(RH) ) D0(RH) + ∫0

298
dT[Cp(R) + Cp(H) -

Cp(RH)] = D0(RH) +∫0

298
dTCp(H) (17)
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is 352( 4 kcal mol-1. The experimental EA(CNN) of 40.8(
0.2 kcal mol-1 gives DH298(H-CNN) ) 79 ( 4 kcal mol-1

and D0(H-CNN) ) 78 ( 4 kcal mol-1. The corresponding
heats of formation are:∆fH0(CNN) ) 136( 5 kcal mol-1 and
∆fH298(CNN) ) 136( 5 kcal mol-1. These heats of formation
for diazocarbene are within the (large) uncertainties reported44

earlier: ∆fH0(CNN) ) 151( 24 kcal mol-1 and∆fH298(CNN)
) 151 ( 24 kcal mol-1.

The experimental thermochemistry reveals that the successive
C-H bonds in diazomethane differ in strength:D0(H-CHNN)
) 96 ( 2 kcal mol-1 andD0(H-CNN) ) 78 ( 4 kcal mol-1.
This is reminiscent of our earlier finding45 for cyanamide:
DH298(H-NHCN) ) 97 ( 3 kcal mol-1 andDH298(H-NCN)
) 83 ( 2 kcal mol-1. In the absence of interactions between
the two unpaired electrons in CNN, the first and second C-H
bond energies in diazomethane would be expected to be
comparable.46,47 The fact that the second C-H bond is much
weaker than the first indicates that there is significant coupling
between the unpaired electrons, as one would expect given
nitrene/carbene structures shown in expression 5. The C-H
bond energy of the diazomethyl radical can be related that of
diazomethane:D0(H-CNN) ) D0(H-CHNN) - ∆EST(CNN).
Using the thermochemical results described above and the
singlet/triplet energy from the photoelectron spectrum [∆E(1∆
- 3Σ-) ) 0.846 eV], we estimateD0(H-CNN) = 77 ( 2 kcal
mol-1.

In order to consider the energetics of reaction 3, accurate
thermochemistry of CH and HCN is essential. Optical studies
of the excited electronic states of CH have been reported which
examined the fluorescence: CH*f CH X 2Π. Predissocia-
tion48 shortens the life of the B2Σ- and C2Σ+ states of CH
emitting to CH(Ì 2Π). Analysis of the line broadening leads
to D0(CH X 2Π) ) 27 950 ( 80 cm-1, which is a small
improvement over the earlier value49 of Herzberg and Johns of
D0(CH X 2Π) ) 27856( 100 cm-1. Ion spectroscopy has
provided an independent check of this dissociation energy.
Photofragment spectroscopy50 of CH+(A1Π) r CH+(Ì1Σ+),
followed by dissociation CH+(A 1Π) f C+(2P) + H (2S),
yielded the dissociation energies of CH+: D0(CH+ X 1Σ+) )

32907( 23 cm-1 andD0(CH+A1Π) ) 9351( 23 cm-1. There
is a thermochemical cycle which relates the properties of CH
and CH+: D0(CH+ X 1Σ+) + IP(CH) ) D0(CH X 2Π) + IP-
(C). Use51 of the IP(C) and50 IP(CH) ) 85850( 100 cm-1

yields the dissociation energy:D0(CH X 2Π) ) 27937( 120
cm-1. Here we adoptD0(CH X 2Π) ) 27950( 80 cm-1 and
use∆fH0(CH X 2Π) ) 141.7( 0.1 kcal mol-1 and∆fH298(CH
X 2Π) ) 142.5( 0.2 kcal mol-1.

Finally we require accurate thermochemistry of HCN to
complete the energetics of reaction 3. The heat of formation
of HCN is given by standard tables44 as∆fH0(HCN) ) 132.384
( 4 kJ mol-1 or 31.6( 1.0 kcal mol-1. We can improve this
value by using recent values of the photoionization appearance
potential,52 the photodissociation threshold,53 and the photoion-
pair appearance potential54/electron affinity55 of CN together
with a new∆fH0(CN) derived from the photodissociation of
cyanogen:56

Measurements of reactions 19a, 19b, and 19c yield HCN
dissociation energies ofD0(H-CN) ) 124.6( 0.2, 125.1(
0.4, and 125.5( 0.5 kcal mol-1, respectively. The more precise
values are those of reactions 19a and 19b. We adopt an average
value of D0(H-CN) ) 124.8 ( 0.5 kcal mol-1 and use a
recent56 heat of formation of CN of∆fH0(CN) ) 104.1( 0.5
kcal mol-1 and recommend∆fH0(HCN) ) 30.9 ( 0.7 kcal
mol-1 and∆fH298(HCN) ) 30.8( 0.7 kcal mol-1 (as well as
DH298(H-CN) ) 126.3 ( 0.9 kcal mol-1). These heats of
formation are a small improvement over the currently accepted
values44 of ∆fH0(HCN) ) 31.6( 1.0 kcal mol-1 and∆fH298-
(HCN) ) 31.5( 1.0 kcal mol-1. Much of the thermochemistry
of the diazomethyl radical and diazocarbene is summarized in
Tables 6 and 7.

TABLE 6: Energetics of Diazomethyl Radical and Diazocarbene

HCNN
EA(Ì̃ 2A′′ HCNN)/eV 1.685( 0.006 (38.9( 0.1 kcal mol-1)
∆acidH298(CH2N2)/kcal mol-1 372( 2
DH298(H-CHNN)/kcal mol-1 97 ( 2
D0(H-CHNN)/kcal mol-1 96 ( 2
∆fH0(H2CNN)/kcal mol-1 66 ( 1 ∆fH298(H2CNN)/kcal mol-1 64 ( 1
∆fH0(HCNN)/kcal mol-1 110( 2 ∆fH298(HCNN)/kcal mol-1 110( 2
T0(Ã 2A′ HCNN)/eV 0.522( 0.012e T0 e 0.675( 0.012
T0(HCNN)/eV 3.78 ref 15

CNN
EA(Ì̃ 3Σ- CNN)/eV 1.771( 0.010 (40.8( 0.2 kcal mol-1)
∆acidH298(HCNN)/kcal mol-1 352( 4
DH298(H-CNN)/kcal mol-1 79 ( 4
D0(H-CNN)/kcal mol-1 78 ( 4
∆fH0(CNN)/kcal mol-1 136( 5 ∆fH298(CNN)/kcal mol-1 136( 5
T0(ã 1∆ CNN)/eV 0.846( 0.014
T0(b̃ 1Σ+ CNN)/eV 1.325( 0.015
T0(Ã 3Π CNN)/eV 2.957( 0.001 ref 14
T0(B̃ 3Σ -/Ar matrix CNN)/eV e4.95 ref 15
T0(C̃ 3Π/Ar matrix CNN)/eV 6.02 ref 15

HCN + pω f H+ + CN + e- AP(H+, HCN) )
19.00( 0.01 eV (19a)

HCN + pω f H + CN AP(CN, HCN))
43740( 150 cm-1 (19b)

HCN + pω f H+ + CN- AP(H+, HCN) )
15.18( 0.02 eV (19c)

NCCN + pω f NC + CN AP(CN, NCCN))
47125( 100 cm-1 (19d)
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V. Complete Basis Set ab Initio Electronic Structure
Calculations

All of the generalized valence bond formulas in equations
5-9 are qualitatively correct; the shapes of the radicals and
ions as well as the order of the electronic states are correctly
predicted. The rotational constants and harmonic vibrational
frequencies are also faithfully rendered by the DFT-B3LYP
calculations. The small number of atoms in the two systems
allowed us to perform the full range of computationally intensive
complete basis set (CBS) calculations.34,57,58 These compound
models employ modest basis sets for the geometry and frequency
calculations, large basis sets for a single-point SCF calculation,
medium basis sets for the MP2 correction with extrapolation to
the CBS limit, and small basis sets for higher orders of
perturbation theory. The most demanding CBS-QCI/APNO
model employs atomic pair natural orbital (APNO) basis sets,
while the CBS-Q model goes up to QCISD(T)/6-31+G††

calculations, and the CBS-4 model tops off at MP4/6-31G. These
CBS-QCI/APNO, CBS-Q, and CBS-4 models are applicable
to systems with up to 4, 8, and 16 many-electron atoms with
root mean square (rms) errors of( 0.7,( 1.3, and( 2.5 kcal
mol-1 respectively.34,57,58 The results are summarized in Table
8 where the uncertainties quoted are the rms errors from the
G2 test set.59 The agreement between our experimental findings
and the results of these ab initio electronic structure calculations
is excellent, but the performance of the relatively inexpensive
CBS-4 model is disappointing (Table 9).

The HCNN- CBS-QCI/APNO results are shown in Figure 6
while those for CNN- are displayed in Figure 7. For diazo-
carbene, a CASSCF(2,4)-MP2/6-311G(2df,p) calculation was
used to compute∆E(1∆, 1Σ+) for CNN. All calculations

TABLE 7: Experimental Thermochemistry of Diazomethyl Radical and Diazocarbene

process ∆rxnH0/kcal mol-1 ∆rxnH298/kcal mol-1 ref

N2(1Σg
+) f N(4S3/2) + N(4S3/2) 225.06( 0.03 225.95( 0.03 71

HCN(1Σ+) f H + CN(2Σ+) 125.1( 0.7 126.3( 0.9 this work
HCN(1Σ+) f HC(2Π) + N(4S) 223.2( 0.7 224.7( 0.7 this work
HCN(1Σ+) f HC(4Σ-) + N(4S) 240.5( 0.7 241.8( 0.7 this work
CN(2Σ+) f C(3P)+ N(4S) 178.4( 0.6 179.3( 0.6 56,71
HC(2Π) + N2(1Σg

+) f HCN(1Σ+) + N(4S) 1.6( 0.7 1.3( 0.9 this work
HC(4Σ-) + N2(1Σg

+) f HCN(1Σ+) + N(4S) -15.2( 0.9 -15.6( 0.9 this work
HCCH(1Σg

+) f HCC(2Σ+) + H 131.3( 0.7 132.8( 0.7 72
HCCH(1Σg

+) f HC(2Π) + CH(2Π) 228.9( 0.8 230.7( 0.3 44
CO(1Σ+) f C(3P0) + O(3P2) 256.2( 0.1 257.3( 0.1 71
H2CNN(1A1) f H + HCNN(2A′′) 97 ( 3 98( 3 this work
H2CNN(1A1) f CH2(3B1) + N2(1Σg

+) 27 ( 1 29( 1 this work
HCNN(2A′′) f HC(2Π) + N2(1Σg

+) 31 ( 3 33( 3 this work
HCNN(2A′′) f HC(4Σ-) + N2(1Σg

+) 48 ( 3 50( 3 this work
HCNN(2A′′) f HCN(1Σ+) + N(4S) 34( 3 35( 3 this work
HCNN(2A′′) f CNN(3Σ-) + H 78 ( 4 79( 4 this work
HCNN(2A′′) f HNCN(2A′′) -31 ( 3 -33 ( 4 this work, 45
CNN(3Σ-) f CN(2Σ+) + N(4S) 83( 4 84( 3 this work
CNN(3Σ-) f C(3P)+ N2(1Σg

+) 37 ( 3 36( 3 this work
CNN(3Σ-) f NCN(3Σg

-) -24 ( 4 -26 ( 4 this work, 45

Figure 6. Calculated CBS-QCI/APNO ab initio thermochemical cycle
for H2CNN. The experimental results are given in parantheses for
comparison.

Figure 7. Calculated CBS-QCI/APNO ab initio thermochemical cycle
for HCNN. The experimental results are given in parantheses for
comparison.
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employed a modified version of the Gaussian 94 suite of ab
initio electronic structure programs.34

VI. Mechanistic Implications for the Cleavage of N2 by
CH

With the establishment of much of the thermochemistry of
diazomethyl radical, it is tempting to spectulate on the mech-
anisms for the “splitting” of N2. The spin-forbidden reaction 3
has been the subject of numerous investigations. Several
groups2 have studied the kinetics of CH reaction with N2 and it
is known that only the ground state, CH(Ì 2Π), reacts.60

A summary3 of these experimental data suggests the formation
of an HCNN adduct at temperatures below 1000 K characterized

by a “negative activation energy” of-2.3 kcal mol-1. The
mechanism changes at higher temperatures and shock tube
studies suggest the presence of a high-energy HCN+ N channel.
This high-temperature (T g 2500 K) channel is fit by a normal
Arrhenius expression,kobs ) 7.31 × 1012 exp(-21970/RT) so
the activation energy is roughly 22 kcal mol-1.

All recent ab initio electronic structure calculations61-64 find
two different [CH,N2] complexes; a dative, linear species,
[HCNN], or the diazirnyl radical,cyclo-HCN2,

Extensive molecular dynamics calculations of the insertion path
for this spin-forbidden reaction have been reported.65,66

Several early mechanistic schemes2,16,67simply combined CH
+ N2 to form a “dative complex”,2[HCrNN], which directly

TABLE 8: Complete Basis Set (CBS) Calculated ab Initio Electronic Energies

molecule state method energy/hartree ΣD0/kcal mol-1 ∆fH0/kcal mol-1 ∆fH298/kcal mol-1

C 3P CBS-4 -37.788 25
CBS-Q -37.785 15
CBS-QCI/APNO -37.842 08

CH 2Π CBS-4 -38.418 41 79.6( 2.5 142.0( 2.5 142.9( 2.5
CBS-Q -38.412 14 79.8( 1.3 141.8( 1.3 142.6( 1.3
CBS-QCI/APNO -38.469 30 79.8( 0.7 141.8( 0.7 142.6( 0.7

N2
1Σg

+ CBS-4 -109.400 01 220.3( 2.5
CBS-Q -109.396 03 223.1( 1.3
CBS-QCI/APNO -109.527 48 223.8( 0.7

CNN 3Π CBS-4 -147.142 84 191.8( 2.5 203.3( 2.5 203.5( 2.5
CBS-Q -147.129 08 190.4( 1.3 204.6( 1.3 205.0( 1.3
CBS-QCI/APNO -147.313 74 188.8( 0.7 206.2( 0.7 206.6( 0.7

1Σ+ CBS-4 -147.191 23 222.1( 2.5 172.9( 2.5 173.0( 2.5
CBS-Q -147.190 18 228.7( 1.3 166.3( 1.3 166.4( 1.3
CBS-QCI/APNO -147.375 33 227.5( 0.7 167.6( 0.7 167.7( 0.7

1∆ CBS-4 -147.209 02 233.27( 2.5 161.8( 2.5 161.9( 2.5
CBS-Q -147.207 97 239.90( 1.3 155.1( 1.3 155.2( 1.3
CBS-QCI/APNO -147.393 11 238.62( 0.7 156.4( 0.7 156.5( 0.7

3Σ- CBS-4 -147.242 05 254.0( 2.5 141.0( 2.5 141.2( 2.5
CBS-Q -147.236 37 257.7( 1.3 137.3( 1.3 137.5( 1.3
CBS-QCI/APNO -147.422 15 256.8( 0.7 138.2( 0.7 138.4( 0.7

NCN 3Σg
- CBS-4 -147.296 43 288.1( 2.5 106.9( 2.5 107.0( 2.5

CBS-Q -147.286 47 289.2( 1.3 105.9( 1.3 106.1( 1.3
CBS-QCI/APNO -147.470 19 287.0( 0.7 108.1( 0.7 108.2( 0.7

CNN- 2Π CBS-4 -147.304 28
CBS-Q -147.303 16
CBS-QCI/APNO -147.489 28

N

N
H–C<

2A′ CBS-4 -147.839 53 313.1( 2.5 133.6( 2.5 132.7( 2.5
CBS-Q -147.820 47 310.6( 1.3 136.1( 1.3 135.1( 1.3
CBS-QCI/APNO -148.008 88 311.3( 0.7 135.4( 0.7 134.4( 0.7

HCNN 2A′ CBS-4 -147.855 61 323.2( 2.5 123.5( 2.5 122.9( 2.5
CBS-Q -147.839 29 322.4( 1.3 124.3( 1.3 123.6( 1.3
CBS-QCI/APNO -148.027 17 322.8( 0.7 123.9( 0.7 123.3( 0.7

N

N
H–C<

2A2 CBS-4 -147.866 07 329.7( 2.5 116.9( 2.5 116.1( 2.5
CBS-Q -147.851 42 330.0( 1.3 116.6( 1.3 115.8( 1.3
CBS-QCI/APNO -148.036 87 328.9( 0.7 117.8( 0.7 116.9( 0.7

HCNN 2A′′ CBS-4 -147.875 36 335.6( 2.5 111.1( 2.5 110.6( 2.5
CBS-Q -147.858 48 334.5( 1.3 112.2( 1.3 111.6( 1.3
CBS-QCI/APNO -148.047 49 335.5( 0.7 111.1( 0.7 110.5( 0.7

HCNN- 1A′ CBS-4 -147.945 05
CBS-Q -147.923 05
CBS-QCI/APNO -148.109 45

H2CNN 1A1 CBS-4 -148.533 76 432.9( 2.5 65.5( 2.5 63.8( 2.5
CBS-Q -148.515 25 433.0( 1.3 65.4( 1.3 63.8( 1.3
CBS-QCI/APNO -148.702 15 432.6( 0.7 65.7( 0.7 64.1( 0.7

TABLE 9: Comparison of CBS and Experimental Thermochemistry

CBS ab initio calculated property/kcal mol-1 experimental/kcal mol-1

CBS-4 CBS-Q CBS-QCI/APNO

D0(H-CHNN) 97.3( 2.5 98.5( 1.3 97.1( 0.7 96( 2
∆acidH298(HCHNN) 370.9( 2.5 373.1( 1.3 373.4( 0.7 372.2( 2.1
EA(HCNN) 43.7( 2.5 40.5( 1.3 38.9( 0.7 38.9( 0.1
D0(HCNN) 81.6( 2.5 76.8( 1.3 78.7( 0.7 78( 4
∆acidH298(HCNN) 359.8( 2.5 349.9( 1.3 351.8( 0.7 352( 4
EA(CNN) 39.1( 2.5 41.9( 1.3 42.1( 0.7 40.8( 0.2

CH(a4Σ-) + N2(Ì
1Σg

+) f no reaction (20)

HC
N

N
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crossed over to the quartet surface,4[HCNN], and dissociated
to HCN and N atom. The current thermochemistry of HCNN
supports this simple mechanism. As CH(2Π) collides with N2

it is possible forÌ̃ (2A′′) HCNN [∆rxnH0 ) -31( 3 kcal mol-1]
to be formed. Figure 8 is a sketch of the CH+ N2 f HCN +
N surface which includes theÌ̃ (2A′′) state of HCNN. All
recent ab initio electronic structure calculations63 confirm Bair’s
conjecture that there is no barrier for the addition: CH+ N2

f HCNN (2A′′). We identify Walch’s nonplanarc-HCN2

minimum asÌ̃ 2A′ and have fixed the HCN+ N asymptote at
the experimental energy of+1.6 ( 0.7 kcal mol-1 (Table 7).
Because of the deep well binding HCNNÌ̃ (2A′′) we believe
that the important doublet/quartet crossing to produce HCN+
N might not come from the insertion complex,c-HCN2, at all.
Instead it may be accessed directly from the dative HCNN
species. Table 7 indicates thatÌ̃ (2A′′) HCNN is stable by 31
( 3 kcal mol-1 with respect to CH+ N2 and is bound by 78
( 4 kcal mol-1 with respect to H+ CNN. The extensive ab
initio electronic structure calculations63 estimate that the barrier
to CH insertion into N2 to form the diazirinyl radical is about
18 kcal mol-1 (see Figure 8). We cannot estimate the matrix
elements which couple the HCNN doublet states to the quartet
manifold, but if theÌ̃ (2A′′) HCNN surface crossing to a4A′′
state is 50 kcal mol-1 or less, then CH insertion into N2 to
produce the diazirinyl radical will not compete. Consequently
it might be energetically feasible for N atom elimination to take
place directly fromÌ̃ (2A′′) HCNN as shown below in (21).
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