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Abstract

The photoelectron spectrum of the cyanonitrene anion, NCNy, has been measured at 416 and 266 nm. The 266 nm
1 ˜ 1 q ˜ 3 yspectrum reveals the a D and the b S states together with the X S ground state for the first time. These low-lying˜ g g g

singlet states are separated from the triplet ground state by 1.010"0.010 and 1.629"0.010 eV, respectively. We find a
y1 ˜ 1 qvibrational frequency of 1120"50 cm for the y mode of the b S state. The ions were produced in a new source1 g

particularly suitable for anion precursors with low vapor pressure. q 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

The cyanonitrene radical, NCN, has been pro-
posed as an intermediate in the combustion of hydro-

w x w xcarbons 1 and nitramine 2 . Ultraviolet emission
w xstudies 3 have also suggested that NCN is present

in the Comet Brorosen–Metcalf. The NCN radical
˜ 3 yhas a X S ground state with a molecular orbitalg

w x 2 2 4 2configuration 4 of . . . 2s 2s 1p 1p . This con-g u u g

figuration also gives rise to two singlet states, the
1 ˜ 1 ya D and the b S states, whose term values with˜ g g

respect to the ground state have been previously
unknown. Many studies have been carried out to

w xcharacterize cyanonitrene theoretically 4–9 and ex-
w xperimentally 1,2,4,10–22 . Optical experiments have

been limited to independent studies of the triplet
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w x w x11,14,15 and singlet 14 manifolds. Photodissocia-
tion experiments involving excitation in both mani-
folds have recently been carried out in our laborato-

w xries 23 , but no transitions between the manifolds
were observed. By measuring the photoelectron spec-
trum of the anion, NCNy, we can access both the
triplet and singlet states through detachment of a
single electron from the anion 2

P ground state.
Hence for the first time we are able to obtain the
singlet–triplet splittings for the low-lying electronic
states of NCN.

w xRecently, Ellison and co-workers 4 have mea-
sured the anion photoelectron spectrum of NCNy at
a photon energy of 3.531 eV. They reported an
electron affinity of 2.484"0.006 eV for NCN. At

˜ 3 ythis energy only the transition to the X S groundg

state of the neutral is accessible; the a 1
D state was˜ g

w xcalculated to lie 1.249 eV above the ground state 4 .
In this Letter we report the anion photoelectron
spectra of NCNy taken at photon energies of
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Ž . Ž .2.977 eV 416 nm and 4.657 eV 266 nm . At 266
1 ˜ 1 ynm, transitions to the a D and the b S states are˜ g g

observed and we report their term energies.

2. Experimental

As shown by Ellison, NCNy is readily produced
Ž .from cyanamide H NCN . The low vapor pressure2
Žof this precursor estimated to be ;4 mTorr at 298

.K necessitated development of a new configuration
w xof our pulsed discharge ion source 24 , shown in

Fig. 1. The stainless-steel reservoir was filled with
cyanamide and placed between a pulsed molecular
beam valve and the pulsed discharge assembly. This
enables the cyanamide to be entrained in the pulsed
molecular beam prior to passing through the dis-
charge. Teflon spacers prevent thermal contact with
the pulsed valve and electric discharge plates, allow-
ing the reservoir to be heated without affecting the
pulsed valve, although heating was not necessary in
this case. Analyses of our photodissociation spec-

w xtroscopy measurements 23 indicate that this source
produces NCNy ions with vibrational and rotational
temperatures of ;200 and ;50 K, respectively.

The anion photoelectron spectrometer used in this
w xstudy has been described in detail previously 25,26 .

In the work presented here, O at a backing pressure2

of ; 3 atm was expanded through the
reservoirrpulsed discharge source containing the

Fig. 1. Schematic of the reservoirrpulsed discharge source. The
drawing is not to scale.

Ž .precursor cyanamide H NCN . The resultant flow2

supersonically expands into the source vacuum
chamber and passes through a skimmer. The nega-
tive ions are extracted perpendicular to their flow
direction by a pulsed electric field and injected into a

Ž .linear reflectron time-of-flight TOF mass spectrom-
w xeter 27,28 , affording a mass resolution mrDm of

2000. The ions of interest are selectively photode-
tached with photons having wavelengths of 266 nm
Ž . Ž .4.657 eV and 416 nm 2.977 eV . The photon
wavelength of 266 nm was obtained by frequency
quadrupling the fundamental of a pulsed Nd:YAG
laser. To generate light at 416 nm the Nd:YAG third
harmonic at 355 nm was passed through a Raman

Ž .cell filled with hydrogen at high pressure 325 psig .
Ž .The electron kinetic energy eKE distribution is

determined by TOF analysis in a 1 m field-free flight
tube. The energy resolution is 8 meV at 0.65 eKE

Ž .3r2and degrades as eKE at higher eKE. All spectra
reported were taken at a laser polarization angle
us908, which was found to correspond to the maxi-
mum of the photoelectron angular distribution.

3. Results and discussion

Fig. 2 shows the anion photoelectron spectra taken
Ž .at 266 and 416 nm see inset . The photoelectron

spectra are reported in electron binding energy, eBE,
which is defined as eBEshÕyeKE. The inset

˜ 3 yshows the transition to the X S ground state of theg

neutral, a single feature labeled as peak X. This peak
is located at eKEs0.496 eV, affording an electron
affinity of 2.481"0.008 eV, in excellent agreement
with the value reported by Ellison and co-workers
w x4 . The structure extending to higher eKE as part of
peak X indicates that the 2

P anion electronic ground
state is internally excited. This is at least partly due
to detachment from the two spin–orbit levels of the
anion, which are split by only 77 cmy1.

The main spectrum in Fig. 2 shows the 266 nm
spectrum with peaks labeled X, A, B, and B1. Peak
X is the ground state as previously discussed. Peaks
A and B are representing transitions to two excited
electronic states. From Hund’s rules and the state

w xordering of the isoelectronic species CCO 29 , CNN
w x q w x q w x30 , N 31 , and NCO 32 , these peaks are3

1 ˜ 1 yassigned to the a D and the b S states located at˜ g g
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y Ž .Fig. 2. Photoelectron spectrum of NCN taken at 266 and 416 nm see inset . Both spectra were taken at a laser polarization angle of
us908 with respect to the direction of electron detection.

1.010"0.010 and 1.629"0.010 eV above the
ground state, respectively. These spacings are refer-
enced to the peak centers; no attempt was made to fit
the peak shapes. Peak B1 is 1120"50 cmy1 from
peak B and we assign this transition to the y s11

˜ 1 ylevel of the b S state, in accord with the known yg 1
w xfundamentals of the other electronic states 2,14,16 .

Like the ground state, these electronic transitions are
nearly vertical, and the peaks exhibit the same asym-
metry towards higher electron kinetic energy.

The results obtained here allow a full characteri-
zation of the low-lying electronic states of NCN, as

w xshown in Fig. 3. Herzberg and Travis 11 identified
the first electronic transition from the ground state as

˜ 3 y ˜ 3 ythe B S § X S transition having an energy ofu g
w x4.154 eV. Kroto and co-workers 14 observed an-

other transition within the triplet manifold, the
˜ 3 ˜ 3 yA P § X S band, with an energy of 3.767 eV.u g

They also observed two transitions within the singlet
1 1 ˜ 1manifold assigned as the c D § a D and d D˜ ˜g g u

§ a 1
D transitions with energies of 3.725 and 4.385˜ g

eV, respectively. With our measurement of the a 1
D˜ g

˜ 1 qand the b S term energies we can now properlyg

reference the excited singlet electronic states to the
ground state, as shown in Fig. 3.

Fig. 3. Energy level diagram of the singlet and triplet manifolds of
Ž .NCN. Labeled transitions are from the following papers: a Ref.

w x Ž . Ž . w x Ž . w x4 ; b this Letter; c Ref. 11 ; and d Ref. 14 .
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