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Cavity ring-down spectroscopy (CRDS) has been employed to observe the electronic spectrum of
methyleneimine (H2CNH), which is the simplest imine compound. This species was prepared by the pyrolysis
of methyl azide. The CRDS signals over the wavelength range 234 to 260 nm were recorded as a function
of the temperature of a heated section of tubing upstream of the CRDS cell. The absorption spectrum of
methyleneimine was found to be broad and structureless, with an absorption maximum near 250 nm. The
absorption cross section of methyleneimine was estimated by comparison with the absorption spectrum of
methyl azide. The 118-nm 1-photon photoionization and the UV multiphoton ionization mass spectra of a
molecular beam of unpyrolyzed and pyrolyzed methyl azide were also investigated. The strongest mass peak
in the multiphoton ionization of methyleneimine was found to bem/e ) 28, corresponding to H2CN+ or
HNCH+. These results are used to interpret the excited electronic states and photochemistry of methyleneimine.

1. Introduction

Methyleneimine (H2CNH) is the simplest member of the
imine family of compounds, which possess a carbon-nitrogen
double bond. The imines are very reactive and normally
decompose by polymerization, oxidation, or hydrolysis. The
transient H2CNH molecule has been observed in the pyrolysis
of methylamine1,2 and other amines,3 as well as in the pyrolysis
of methyl azide4,5 and other azido compounds.6-8 It is also of
interest in astrophysics and has been observed in dark interstellar
dust clouds.9,10 Methyleneimine has been identified in the CO2

laser-assisted decomposition of RDX at 0.1 to 3 atm by Litzinger
and co-workers.11

Methyleneimine has been investigated with several spectro-
scopic techniques. Its microwave spectrum has been reported,
and a molecular structure for the ground electronic state derived.1

The infrared absorption spectrum has been investigated by both
matrix isolation spectroscopy12 and in the gas phase.3 All nine
fundamental vibrational transitions have been observed in high-
resolution gas-phase experiments using Fourier transform and
laser-Stark spectroscopy.13-16 In most of these studies, H2CNH
was prepared by pyrolysis of methylamine.

The electronic spectrum of methyleneimine has not been
previously reported. It would be interesting to observe electronic
transitions both to gain experimental information on the excited
electronic states of this molecule and to develop a diagnostic
based on electronic spectroscopy for the detection of methyl-
eneimine, e.g., for studies of its reaction kinetics. The use of
methylamine as a precursor, employed in the microwave and
infrared studies mentioned above, is not so convenient since
methylamine absorbs17 in the spectral region where methylene-
imine may be expected to absorb.

An isomer of methyleneimine is methylnitrene, CH3N, which
is related to the prototype nitrene, imidogen (NH), by methyl
substitution. In analogy with the electronic structure of NH, the
groundX̃3A2 electronic state of CH3N has triplet spin multiplic-
ity, with a C3V equilibrium structure. The electronic spectrum
of CH3N was reported by Carrick et al.,18 and theÃ3E-X̃3A2

transition was assigned,19 analogous to the well-known NH
A3Π-X3Σ- transition. Methylnitrene, prepared by the interaction
of metastable molecular nitrogen and methyl azide, has also
been trapped in solid nitrogen at 10 K and studied spectroscopi-
cally.20

In contrast to the stability of CH3N on the lowest triplet
potential energy surface (PES), CH3N rearranges through a 1,2-
hydrogen shift to the methyleneimine isomer on the lowest
singlet PES. This rearrangement occurs so rapidly that chemical
trapping and even detection by femtosecond flash photolysis21

have failed. The photodetachment spectrum of the CH3N- anion
shows22 transitions to vibrational levels of neutral CH3N in both
the groundX̃3A2 and singlet excitedã1E state, which is the
analogue of the metastable NH(a1∆) state. Theã1E state thus
survives long enough to be visible in the photoelectron kinetic
energy distribution. Theν6 vibrational mode was not observed
for the ã1E state. This mode is thought to be the vibrational
degree of freedom enabling the rearrangement to methylene-
imine. The isomerization of CH3N has been investigated
theoretically.23-26 Recent quantum chemical calculations27 show
that singlet CH3N is a real energy minimum, with an estimated
barrier to rearrangement of 10( 4 kJ mol-1. Hence, the bands
observed in photodetachment spectroscopy reflect a real mini-
mum, and not a transition state.

The pyrolysis of azides has been investigated by photoelectron
spectroscopy.4,5 This process proceeds on the singlet PES and
yields the imine, rather than the nitrene. In the case of the
pyrolysis of methyl azide, the identity of the methyleneimine
product was confirmed by comparison of the photoelectron
spectrum with that from the pyrolysis of another precursor,
N-chloromethylamine,5 as well as from the pyrolysis of me-
thylamine.2 Pyrolysis of methyl azide initially yields H2CNH
and N2 at ∼850 K. At higher temperatures, H2CNH further
decomposes to yield HCN. Other pyrolytic precursors have been
found to yield methyleneimine, e.g., 2-azidoacetic acid,6 azi-
doacetone,7 and 2-azidoethanol.8 Methyl azide is a convenient
pyrolytic precursor for the study of the electronic spectrum of
methyleneimine. The absorption spectrum of methyl azide has
a weak absorbance maximum at 286 nm and a strong peak at
215 nm,28 and absorption by methyl azide should cause much
less interference than methylamine precursor for the observation
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of the electronic spectrum of methyleneimine. Moreover, the
temperatures required for the pyrolysis of methyl azide are much
lower than for methylamine.

Recently, the photoelectron spectrum of the methylnitrene
isomer of H2CNH, CH3N(X̃3A2), has been reported in the thermal
decomposition of methyl azide.29 In this case, a mixture of
CH3N3 and NO was passed through a heated tube filled with a
molecular sieve positioned 1-2 cm before the photon interaction
region of the spectrometer. Thus, it is likely that CH3N is
produced on the surface of the molecular sieve, and not in the
gas phase. The triplet CH3N(X̃3A2) radical has also been
observed by laser fluorescence excitation in the UV photolysis
of methyl azide.30 It is quite likely that H2CNH is also formed
in the UV photolysis of methyl azide, but this pathway has not
been directly observed.

The competition between decomposition of methyl azide on
the ground singlet PES to yield the imine and intersystem
crossing to the lowest triplet PES has been investigated compu-
tationally.24 The activation barrier for the spin-allowed and spin-
forbidden pathways are similar. In the unimolecular decomposi-
tion of selected vibrational levels of the related HN3 mol-
ecule,31,32 fragmentation on the singlet PES to yield NH(a1∆)
+ N2 fragments dominated over spin-forbidden decay to form
NH(X3Σ-) when both channels were energetically accessible.

There has been some theoretical work to characterize the
electronic states of H2CNH.33-37 The ground electronic state
has a planar equilibrium geometry.1 As in the isoelectronic
ethylene molecule,38-40 the S1 and T1 states are computed to
have a nonplanar equilibrium geometry, with a dihedral angle
of 90° between the planes containing the CH2 and CNH
moieties.33,35 The vertical excitation energy of theS1 state
[estimated to be 5.44 and 4.98 eV (refs 34 and 35, respectively)]
is thus expected to be greater than the excitation energy to the
zero-point level of the excited state, and the Franck-Condon
principle dictates that theS1 r S0 transition should be spread
over a broad wavelength range.

The dependence of the electronic energies of theS0, S1, and
T1 states of H2CNH upon the dihedral angle between the two
halves of the molecule has been investigated theoretically.33 A
conical intersection betweenS1 and S0 is found near the
geometry of the minimum energy of theS1 state. This crossing
will lead to internal conversion in the molecule, and the internal
energy thus available in theS0 state will be sufficient to allow
fragmentation of the molecule, as we discuss below.

In this paper, we report a combined cavity ring-down spec-
troscopy (CRDS) and laser ionization study of the electronic
spectrum of methyleneimine using methyl azide as a pyrolytic
precursor. The CRDS technique41,42has shown great utility for
the spectroscopic study and detection of polyatomic transient
intermediates whose excited electronic states do not decay rad-
iatively. In our laboratory, we have previously employed CRDS
for a study of the H2CN radical.43 In the present study, we follow
the pyrolysis of methyl azide by both CRDS and 1-photon
photoionization mass spectrometry. We present the first report
of the electronic absorption spectrum of methyleneimine and
provide an estimate of its absorption cross section through com-
parison with the spectrum of methyl azide. We have also inves-
tigated the multiphoton ionization of pyrolyzed methyl azide.

2. Experimental Section
Two types of experiments were carried out to investigate

methyleneimine formed in the pyrolysis of methyl azide, namely
CRDS and laser ionization experiments. The experimental
arrangement employed for each is described below in turn.
Methyl azide (CH3N3) was prepared by reacting dimethyl sulfate

with sodium azide (both obtained from Aldrich).5 Sodium azide
(0.1 mol) was dissolved (10%) in water, and the solution was
heated to about 80°C. Sodium hydroxide was added to bring
the pH above 8. Next, dimethyl sulfate (0.1 mol) was added to
the reaction mixture. Approximately 4 mL of methyl azide
distillate was collected in a receiving flask held at dry ice
temperature. The methyl azide product was stored in a closed
vessel kept at dry ice temperature. Deuterated methyl azide
(CD3N3) was prepared in a similar manner, withd6-dimethyl
sulfate as the methylating reagent.

The CRDS experiments were carried out in a flow apparatus.
Methyl azide, diluted in argon, was passed through 1.30-cm
diameter quartz tubing and heated in a 5-cm long section located
in different runs 10 to 90 cm from the cavity ring-down (CRD)
cell. The flow from the quartz tubing (estimated flow speed of
10 cm/s) entered the center of the CRD cell and was evacuated
from both ends of a 32-cm long central section (2.5-cm diam)
of the cell. The CRD mirrors (Research Electro Optics, Boulder,
CO; 99.6% reflectivity at 238 nm, estimated by the CRD photon
decay lifetime) were mounted on the ends of 17-cm long arms
(3.8-cm diameter) attached to the central section. The total length
of the CRD cell was thus 66 cm. A small flow of argon was
directed at the mirrors to minimize reduction of their reflectivity
from the methyl azide pyrolysis products. The temperature of
the heated section of quartz tubing was measured with a
chromel-alumel thermocouple referenced to an ice-water bath.

The frequency-doubled output from a tripled Nd:YAG
(Continuum Surelite I)-pumped dye laser (Lambda Physik
FL3002E) was injected into the CRD cell through one of the
mirrors. The second harmonic was separated from the funda-
mental dye laser radiation by a set of four Pellin-Broca prisms.
The temporal width of a laser pulse was∼5 ns, and the spectral
bandwidth of the doubled UV output was 0.4 cm-1. Typical
UV pulse energies were 0.1-0.5 mJ. An aperture was employed
to control the size of the UV laser beam in order to reduce the
number of transverse modes excited in the cavity. The CRD
signal was detected through the rear mirror with a Hamamatsu
R282 photomultiplier tube (PMT). A diffuser was placed in front
of the PMT to minimize possible problems arising from the
nonuniformity of the PMT area response.

The CRD signal was detected with a LeCroy LT372 digital
oscilloscope. The signal from each shot was transferred through
a GPIB connection to a computer, and a weighted linear least-
squares fit of the logarithm of the signal as a function of time
was employed to compute the photon decay lifetime from each
laser shot. The typical decay lifetime for the empty cavity was
500 ns at 240 nm. Empty-cavity lifetimes of>300 ns were
observed for wavelengths as long as 258 nm. At a given
wavelength, single-shot decay lifetimesτ were averaged over
a preset number of shots (10-30), and then the dye laser
wavelength was stepped to the next wavelength point. Ring-
down lifetimes could be determined to an accuracy of 1.5% in
a 10-shot average.

Scans were typically taken over a wide wavelength range,
for which the reflectivity of the CRD mirrors could vary
significantly. This led to large changes in the detected PMT
signal, and consequently distortions in the decay waveforms
were observed for large PMT signal amplitudes. Our data
acquisition program was subsequently modified to allow for the
variation of the PMT voltage through an externally program-
mable high-voltage power supply, to maintain a constant PMT
output peak amplitude over a scan.

To determine the absorbanceR (product of the molecular
number densityN and absorption cross sectionσ), the photon
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decay rate (reciprocals of the lifetimes) at a given wavelength
was subtracted from the corresponding empty-cavity decay rate.
We compute the absorbance as follows:

wherec is the speed of light,L is the length of the CRD cavity,
andl is the length of the central portion of the cavity, in which
the absorber is present. The empty-cavity lifetimeτ0 (argon only
flowing through the CRD cell) was recorded over the scanned
wavelength range both before and after a series of CRD
absorption spectra were recorded.

The apparatus in which the laser ionization experiments were
carried out has been described in detail previously.44,45 Meth-
yleneimine was prepared in a supersonic beam by flash pyro-
lysis46,47 of a dilute mixture (5-8% mole fraction) of methyl
azide in argon (total pressure< 800 Torr) by passage through
a resistively heated SiC tube (0.5 mm ID, 2 mm OD) attached
to a pulsed solenoid valve (General Valve). The free-jet beam
was introduced into the ionization region of a time-of-flight mass
spectrometer (TOFMS).48 To follow the pyrolysis of methyl
azide, 1-photon photoionization at 118 nm was employed. Ra-
diation at 118 nm was generated by frequency tripling Nd:YAG
355-nm radiation in a Xe cell (25 Torr pressure, 33 cm long).
The 355-nm frequency-tripled output of a Nd:YAG laser was
focused into the cell with a 25-cm focal length quartz lens, and
a 6.3-cm focal length MgF2 lens softly focused the generated
118-nm light into the ionization region of the TOFMS. The 355-
nm pulse energy was kept at∼3.5 mJ or below in order to avoid
multiphoton ionization involving a combination of 118- and 355-
nm photons.

The same apparatus was employed to investigate resonance-
enhanced multiphoton ionization (REMPI) of methyleneimine.
In this case, frequency-doubled laser radiation from the Nd:
YAG laser-pumped dye laser employed in the CRD experiments
was focused into the ionization region of the TOFMS with a
25-cm focal length lens. Typical UV pulse energies were 0.1-
0.5 mJ. This energy was kept low in order to minimize the
photolytic destruction of methyl azide.

3. Results

3.1. CRDS Experiments.Figure 1 shows the evolution of
the cavity ring-down absorption spectrum within the 234-244
nm wavelength range of a flow of methyl azide diluted in argon
as the temperature of a heated section upstream of the CRD
cell is raised. Spectrum (a) is that of methyl azide, which has
a weak absorbance maximum at 286 nm (maximum absorption
cross section 5.5× 10-20 cm2) and a strong peak at 215 nm
(maximum absorption cross section 1.64× 10-18 cm2).28 The
absorption spectrum of methyl azide matches well with the
wavelength dependence of spectrum (a).

As the temperature of the heated section of quartz tubing
upstream of the CRD cell is raised, the absorbance at long
wavelengths increases, as illustrated by scans (b)-(e) in Figure
1. There also appears to be an isosbestic point near 234 nm.
Essentially identical spectra as a function of the temperature of
the heated section were recorded with the heated section at
distances of 10 to 90 cm from the CRD cell. This suggests that
methyleneimine is not being lost to a significant degree during
the flow from the heated section to the CRD cell.

CRD spectral scans were recorded in two additional wave-
length ranges to the red of that displayed in Figure 1. Figure 2
presents the recorded cavity ring-down absorption spectrum for
the 240-256 nm wavelength range of a flow of methyl azide

diluted in argon as the temperature of a heated section upstream
of the CRD cell is raised. We see from scan (a) in Figure 2 that
the absorption spectrum of methyl azide reaches a minimum in
this wavelength range between the two previously quoted
absorption maxima of methyl azide. We see that the recorded
absorbance in this wavelength range grows as the temperature
of the heated section of tubing is raised. This absorbance has a
maximum at a wavelength near 249 nm. We found that the
temperature-induced changes in absorbance depended somewhat
upon the experimental conditions related to the residence time
in the heated section (pressure, length of heated region, etc.).
The efficiency of the pyrolysis was greater at lower pressure.
In comparing spectra taken in different wavelength regions, we
employed spectra taken under the same conditions.

Figure 3 plots the measured absorbance at 250.0 nm as a
function of the temperature of the heated section of tubing. It
can be seen that the absorbance decreases slightly as a function

R ) c-1(τ-1 - τ0
-1) (L/l) (1)

Figure 1. Room-temperature CRD absorption spectrum in the 234-
244 nm spectral range of a flow of methyl azide diluted in argon (total
pressure 0.45 Torr) which was passed through a section of quartz tubing
located 16 cm from the cavity ring-down cell and heated to (a) room
temperature, (b) 650 K, (c) 730 K, (d) 810 K, and (e) 900 K. The
absorbances were computed as the average over 10 laser shots.
Spectrum (a) represents the spectrum of methyl azide, while spectra
(b)-(e) show an increasing contribution due to absorption of the H2-
CNH pyrolysis product. On the basis of the known (ref 28) absorption
cross section of methyl azide, the room-temperature absorbance
corresponds to a methyl azide partial pressure of 0.018 Torr.

Figure 2. Room-temperature CRD absorption spectrum in the 241-
256 nm spectral range of a flow of methyl azide diluted in argon (total
pressure 0.41 Torr) which was passed through a section of quartz tubing
located 16 cm from the cavity ring-down cell and heated to (a) room
temperature, (b) 670 K, (c) 830 K, (d) 870 K, and (e) 960 K. The
absorbances were computed as the average over 10 laser shots.
Spectrum (a) represents the spectrum of methyl azide, while spectra
(b)-(f) show an increasing contribution due to absorption of the H2-
CNH pyrolysis product. On the basis of the known (ref 28) absorption
cross section of methyl azide, the room-temperature absorbance
corresponds to a methyl azide partial pressure of 0.0165 Torr.
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of temperature until∼600 K. This reduction can be explained
by the slight decrease in the gas density for constant pressure
as a function of temperature. Above 600 K, the absorbance rises
rapidly and reaches a maximum value by∼860 K. This is the
same temperature range over which the pyrolysis of methyl azide
was observed5 through photoelectron spectroscopy to yield the
methyleneimine molecule. A slight decrease in the absorbance
is observed for temperatures slightly above 860 K, and the
absorbance starts to decrease somewhat faster for temperatures
above 900 K, up to 970 K, the highest temperature investigated
here. We did not raise the temperature of the heated section up
to temperatures at which methyleneimine was observed4,5 by
photoelectron spectroscopy to decompose completely to HCN
and H2. It can be seen that the absorbance change at 250 nm
displayed in Figure 3 is somewhat less than that discernible
from the spectra plotted in Figure 2. This reflects differences
in the efficiency of the pyrolysis due to the differing flow
conditions.

The observed range of excitation energies for the pyrolysis
product of methyl azide is similar to that calculated33,35 for the
transition to theS1 state of methyleneimine. The previously
quoted34,35 vertical excitation energies correspond to wave-
lengths of 228 and 250 nm. From the observed temperature at
which the new absorption is seen and the wavelength of the
observed absorption maximum, we assign the molecular carrier
of this newly observed UV absorption spectrum as methylene-
imine. Our observation of an isosbestic point near 234 nm and
the absence of a loss in the strength of the absorbance when
the distance of the heated section of tubing was varied both
imply that, under the conditions of our experiment, methyl azide
is essentially quantitatively converted to methyleneimine and
that the loss of methyleneimine on the walls and within the
tubing before the cell is not significant.

The spectra displayed in Figures 1 and 2 do not show any
resolvable structure above the noise of the plotted spectra. CRD
scans were also taken in selected wavelength ranges with small
wavelength increments and the CRD lifetimes computed from
more averaged laser shots per point. In no case, did we observe
any structure on the absorption spectrum of methyleneimine.

To derive the absorption spectrum of pure methyleneimine
from spectra of partially photolyzed methyl azide, such as those
displayed in Figures 1 and 2, a least-squares fitting procedure
was employed. At a given wavelength and heater temperature,
the absorbanceR(λ, T) can be expressed in terms of the
absorption cross sectionsσ of methyl azide and methyleneimine

as

whereN(molecule,T) is the number density of the given species
at temperatureT. We can ignore absorption due to other
fragmentation products such as N2, HCN, and H2 since these
species do not absorb in the wavelength investigated in this
study.

Spectra were recorded at a series of temperatures{Ti, where
i ) 1 to m}, each over the same grid of wavelengths{λj, where
j ) 1 to n}. In addition, a spectrum with the heater off was
also recorded under identical conditions; this provides us with
a spectrum of undecomposed methyl azide. We treat the
concentrationsN(CH3N3, Ti) and N(H2CNH, Ti) at each tem-
perature and the spectrum of methyleneimine on the above grid
of wavelengths,{σ(H2CNH, λj), wherej ) 1 ton}, as parameters
to be fit, yielding a total of 2m + n variables. From eq 2, we
see that our fit is a nonlinear least-squares fitting problem
because the product of the concentration and absorption cross
section of methyleneimine appears in this equation. We have
employed the Levenberg-Marquardt nonlinear fitting proce-
dure49 to determine these parameters, and hence to obtain the
absorption spectrum of methyleneimine.

We have applied this fitting procedure to the spectra displayed
in Figure 1. The spectra were truncated on the blue end at 236
nm because of the large noise in the recorded CRD spectra for
wavelengths< 236 nm. Scan (a) in Figure 4 presents the derived
absorption spectrum for methylenemine. For comparison, spectra
for methyl azide [scan (b)] and the spectrum recorded with the
heated section at the highest temperature (900 K) [scan (c)] are
also displayed in Figure 4. It can be seen that the derived
spectrum for methylenemine is very close to that of scan (c)
and suggests that at 900 K methyl azide has been essentially
completely pyrolyzed to methylenemine. Indeed, the fitted value
for N(H2CNH, T ) 900 K) is 0.99 (with normalization of the
number densities so thatN(CH3N3, T) equals unity at room
temperature). With this analysis, we may reasonably take spectra
recorded with the heated section at∼900 K as being representa-
tive of the spectrum of methylenemine itself.

To determine the absorption spectrum of methylenemine over
a wide wavelength range, we have spliced together spectra taken

Figure 3. Absorbance at 250.0 nm of a flow of methyl azide diluted
in argon (total pressure 0.72 Torr) as a function of the temperature of
a heated section of quartz tubing located 16 cm from the cavity ring-
down cell. On the basis of the known (ref 28) absorption cross section
of methyl azide, the room-temperature absorbance corresponds to a
methyl azide partial pressure of 0.060 Torr.

Figure 4. Room-temperature CRD absorption spectrum of methyl-
eneimine in the 236-244 nm spectral range, determined by a least-
squares fit of the spectra displayed in Figure 1 to eq 2. (a) Derived
spectrum for methyleneimine; (b) spectrum of methyl azide [Figure
1(a)]; (c) spectrum recorded at 900 K [Figure 1(e)]. For clarity, plots
of scans (a) and (c) from Figure 1 are displayed in this figure. The
plots just above thex-axis are the residuals of the fits to all the spectra
in Figure 1.

R(λ, T) ) N(CH3N3, T) σ(CH3N3, λ) +
N(H2CNH, T) σ(H2CNH, λ) (2)
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with three different laser dyes. Since the partial pressure of
methyl azide was not the same in all these scans, we have
rescaled the spectra in the individual dye laser regions so that
the absorption spectrum of methyl azide was continuous and
smooth over the entire wavelength region. Figure 5 presents
the absorption spectra of both methyl azide and methylenemine
over the 234-260 nm wavelength range. These spectra (absorp-
tion cross sections) have been put on an absolute scale with the
aid of a published28 absorption spectrum for methyl azide.

We see from Figure 5 that the absorption spectrum of methyl-
enemine peaks at∼249 nm and is quite broad. The absorbance
at 249 nm is much larger than for methyl azide at that wave-
length, and the maximum absorption cross section for methyl-
enemine is computed to equal approximately 4× 10-19 cm2.
As discussed above, no structure was discerned in the absorption
spectrum.

3.2. Ionization Studies.The adiabatic ionization potentials
of methyl azide and methyleneimine are 9.81( 0.02 and 9.9
( 0.2 eV, respectively,50,51 so that 118 nm photons have suf-
ficient energy (10.49 eV) to ionize both species. Figure 6 dis-
plays 118 nm photoionization time-of-flight mass spectra of
methyl azide, diluted in argon, as a function of the current pas-
sing through the SiC pyrolysis tube in the pyrolysis beam source.
The mass spectrum obtained with the source at room temperature

is very similar to the electron-impact mass spectrum of methyl
azide,52 with strong peaks atm/e ) 57 (parent) and 28. As the
temperature of the heated tube in the pyrolysis source is raised,
these peaks decrease in intensity, and am/e ) 29 ion appears
with increasing intensity (see Figure 6). This mass-to-charge
ratio corresponds to the parent ion for methyleneimine and is
consistent with the assigned5 initial fragmentation process for
the pyrolysis of methyl azide. At the highest pyrolysis source
temperature studied, the masses associated with the ionization
of parent methyl azide do not appear in the time-of-flight
spectrum.

We also investigated the tunable UV multiphoton ionization
of methyleneimine. With the adiabatic ionization potential
quoted above, we compute that UV wavelengths shorter than
250 nm are required for REMPI through a 1-photon excited
electronic state (1+ 1 scheme). This wavelength is at ap-
proximately the maximum absorption cross section for the
transition in methyleneimine identified in the previous section.
For reference, we note that the vertical ionization potential
[10.62 ( 0.02 eV (refs 2,4,6)] of methyleneimine is slightly
higher than the adiabatic ionization potential.

We have recorded time-of-flight mass spectra with multipho-
ton ionization using focused UV laser radiation for both CH3N3

and CD3N3. Figure 7 presents mass spectra of unpyrolyzed [scan
(a)] and pyrolyzed [scan (b)] CH3N3 at a UV laser wavelength
of 240.0 nm. On the basis of our 118-nm photoionization study,
methyl azide has been completely pyrolyzed and converted to
methyleneimine under the conditions of scan (b). We see in
scan (a) that the laser ionization of unpyrolyzed CH3N3 precursor
yields a weak parent ion mass peak (m/e ) 57) and strong frag-
ment peaks atm/e ) 28 and 1. In contrast to 118 nm 1-photon
ionization [see Figure 6], them/e) 28 peak is broad, suggesting
significant kinetic energy release in the formation of this ion
and/or neutral counterpart. The laser ionization mass spectrum
of pyrolyzed CH3N3 [scan (b)] displays a number of ion masses.
We note that the parent ion of methyleneimine is absent in the
mass spectrum. While them/e ) 28 ion remains strong in the
mass spectrum when methyl azide is pyrolyzed, its time-of-
arrival profile is much narrower than in scan (a). Under the
conditions of scan (b), this ion arises from the ionization of a
methyl azide decomposition product, i.e. methyleneimine.
Slightly broadm/e ) 26 and 27 time-of-arrival profiles are also
observed for the laser ionization of unpyrolyzed CH3N3, and
these peaks are narrower with pyrolyzed CH3N3 precursor.

We show in Figure 8 time-of-flight mass spectra for unpy-
rolyzed [scan (a)] and pyrolyzed [scan (b)] CD3N3 at a UV
wavelength of 230.8 nm. The laser ionization mass spectrum
of the unpyrolyzed CD3N3 precursor shows a weak parent ion
peak (m/e ) 60) and a strong peak atm/e ) 30. The latter ion

Figure 5. Room-temperature absorption spectra of methyl azide
(smooth solid line: measured with a Cary 219 spectrophotometer; noisy
line: CRD spectrum) and of methyleneimine, determined by CRDS in
this work. The absolute values of the absorption spectra were normalized
with the aid of a published absorption spectrum (ref 28).

Figure 6. Time-of-flight 118-nm photoionization mass spectrum of a
pyrolyzed supersonic beam of methyl azide. Mass spectra are reported
as a function of the current through the SiC pyrolysis tube in the
molecular beam source.

Figure 7. Laser ionization (wavelength 240.0 nm) time-of-flight mass
spectra of (a) unpyrolyzed and (b) pyrolyzed CH3N3 (heater current
1.80 A). The masses of prominent peaks are identified.
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corresponds tom/e ) 28 for CH3N3. Hence, we assign the
chemical formulas CH2N+ and CD2N+ to them/e ) 28 and 30
ions, respectively. (There are several isomers possible for ions
of these formulas.53) Pyrolysis of CD3N3 leads to loss of the
parent ion signal and a sharpening of the time-of-arrival profile
for m/e ) 30 and similarly for the weakerm/e ) 26 and 28
ions [see scan (b)]. We do see a smallm/e ) 32 ion in scan
(b); this corresponds to the parent ion of CD2ND. The m/e )
26 peak observed in Figures 7 and 8 is likely due to CN+, which
can arise from the photolysis/ionization of CH2N and CD2N or
their positive ions.

We have taken scans as function of the UV wavelength of
the yield of bothm/e ) 28 and 1 ions in the laser ionization of
pyrolyzed CH3N3. Both these ions are observed over the UV
wavelength range 230-260 nm. Their yields as a function of
UV wavelength did not show any discernible structure.

We also recorded laser ionization spectra of unpyrolyzed and
pyrolyzed methyl azide at longer wavelengths (250-300 nm),
where at least a 2+ 1 REMPI scheme would be required for
the ionization of methyleneimine. Again, the ion observed with
the greatest intensity wasm/e ) 28, and nom/e ) 29 ions were
observed in the laser ionization of pyrolyzed CH3N3.

From this UV laser ionization study of pyrolyzed methyl
azide, we conclude that the parent ion of methyleneimine is
not formed to any appreciable extent in the UV multiphoton
ionization of methyleneimine. In the next section, we discuss
the implications of this observation for the photochemistry of
methyleneimine.

4. Discussion

In this paper, we have reported the first observation of the
electronic absorption spectrum of methyleneimine, which was
generated by pyrolysis of methyl azide and spectroscopically
detected by CRDS. By comparison of the absorbances of
unpyrolyzed and pyrolyzed methyl azide and with the help of
measured28 absorption cross sections for methyl azide, we have
moreover been able to put the absorption spectrum of methyl-
eneimine on an absolute scale.

Figure 5 shows the electronic transition to theS1 excited state
of methyleneimine to be broad and structureless. The broad
width of the transition is consistent with the Franck-Condon
principle and the very different equilibrium geometries1,33,35of
theS0 andS1 states. The absorption spectrum of the isoelectronic
ethylene molecule38 shows similarly broad electronic transitions
to the T1 (very weak) andS1 (strong) excited states. As
mentioned in the Introduction,38-40 electronic excitation in
ethylene causes a large change in geometry, as theS0 state has

a planarD2h structure, while theT1 andS1 excited states favor
a nonplanarD2d geometry in which the dihedral angle between
the two CH2 moieties is 90°. Superimposed on the broad
ethylene absorptions are poorly resolved features which have
the appearance of vibrational progressions. Several different
explanations, including progressions in the C-C stretch and
torsion vibrational modes, have been put forward to explain this
vibrational structure.54 In contrast to ethylene, we see no hint
of vibrational structure on the room-temperature absorption
spectrum of methyleneimine. The excited states and absorption
spectrum of ethylene are complicated by Rydberg-valence
mixing.38-40 Vertical excitation energies of low-lying Rydberg
states have been computed34 for methyleneimine. Rydberg-
valence mixing appears to be much less of an issue in the case
of methylenemine since the excitation energy for theS1 state is
significantly less in methyleneimine than in ethylene, while their
ionization potentials are similar.50,51

As discussed in the Introduction, theS1 state of methylene-
imine likely undergoes facile internal conversion to the ground
S0 state. This leaves the molecule in the ground electronic state
with approximately 490 kJ mol-1 internal energy. This energy
is sufficient to allow several fragmentation pathways to occur.
Nguyen et al.25 have considered the possible pathways, and their
energetics and transition states. The possible fragmentation
pathways include

The energies∆E required for dissociation were obtained from
QCISD(T) quantum chemical calculations by Nguyen et al.25

The energies∆ETS of the transition states relative to that of the
ground vibrational level of H2CNH lie significantly higher in
energy than the dissociation energies for some of these
pathways. Values of∆ETS ) 407.1 and 366.1 kJ mol-1 were
computed25 for pathways (3a) and (3b), respectively, which both
lead to formation of H2. No activation barrier was reported for
pathway (3c), while no low-energy pathway was found for
pathway (3d). Sumathi35 considered pathway (3d) and reported
a reaction path from theT1 state, but not fromS0.

From the computational results presented above, we see that
the energy available from excitation of H2CNH to the S1

electronic state is sufficient to allow fragmentation to yield both
H2 and H fragments through pathways (3a), (3b), and/or (3c).
We have indirect evidence from our UV laser ionization
experiments for dissociative decay of electronically excited
methyleneimine. In contrast to 118-nm 1-photon photoioniza-
tion, no parent ions were observed in UV multiphoton ionization
of methyleneimine, while for the deuterated isotopomer the
parent ion was observed weakly. In place of the parent ion, the
ion involving the loss of a hydrogen (or deuterium) atom was
observed strongly. The appearance of this fragment ion can be
explained by dissociation of electronically excited methylene-
imine at the 1-photon level, and subsequent ionization of the
H2CN fragment.

The differing initial kinetic energies of them/e ) 28 ions
from the UV multiphoton ionization of methyl azide and of
methyleneimine can be rationalized from the known energetics
and kinematics. If we assume that fragmentation occurs in the

Figure 8. Laser ionization (wavelength 230.0 nm) time-of-flight mass
spectra of (a) unpyrolyzed and (b) pyrolyzed CD3N3 (heater current
2.30 A). The masses of prominent peaks are identified.

H2CNH f HCN + H2, ∆E ) 24.7 kJ mol-1 (3a)

f HNC + H2, ∆E ) 86.2 kJ mol-1 (3b)

f H2CN + H, ∆E ) 347.3 kJ mol-1 (3c)

f HCNH + H, ∆E ) 386.6 kJ mol-1 (3d)
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230-nm excitation of methyleneimine at the 1-photon level
following pathway (3c), then approximately 1.8 eV of energy
will be available to the products. This implies that the mass-28
fragment will have a recoil velocity of 6.5× 104 cm/s if all of
the available energy appears as translational energy of the
fragments. This velocity is comparable to the initial laboratory
velocity in the molecular beam and would not be expected to
lead to a broadening of them/e) 28 ion time-of-arrival profile,
as observed. By contrast, the dissociation of 1-photon excited
methyl azide will lead to large fragment velocities. The energy
of the H2CNH + N2 fragments is computed25 to be 230 kJ mol-1

lower than that of the methyl azide parent molecule. With the
assumption that all the available energy appears as translational
energy, this implies that the H2CNH fragment will have a recoil
velocity of 5.1× 105 cm/s. Even with loss of a hydrogen atom
from this fragment, the velocity imparted to am/e) 28 fragment
ion from the dissociation of the methyl azide parent will be
substantial. This provides an explanation for our observation
of a broad m/e ) 28 time-of-arrival profile in the UV
multiphoton ionization of methyl azide.

The present study was initiated to develop a spectroscopic
probe for the methyleneimine molecule which would be suitable
in studies of the reaction kinetics of this species. CRDS
employing the presently observed electronic transition is a
suitable method for the determination of methyleneimine
concentrations. Laser photolysis of methyl azide28 should be a
convenient source of methyleneimine. One criterion for the use
of a photolytic precursor in kinetic studies is that the absorption
of the precursor be negligible at the wavelength at which the
reactive species is detected. We see from the absorption cross
sections presented in Figure 5 that the absorbance of methyl-
eneimine near 250 nm is only an order of magnitude larger than
that of methyl azide. This difference in absorbances is probably
not sufficient to allow the detection of methyleneimine without
interference due to unphotolyzed methyl azide. Methyl isocy-
anate, which has a significantly smaller absorption cross
section55 at 250 nm than methyl azide but a comparable
absorption cross section at 193 nm, may be a more suitable
photolytic source of methyleneimine for kinetic studies.
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