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Gas-phase electronic spectra of C6NH2 and C8NH2
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Abstract

The electronic spectra of C6NH2 and C8NH2 have been detected in the gas phase in the 16700–22000 cm−1 range by a mass selective resonant
two-color two-photon ionization technique coupled to a laser ablation source. Several possible structural motifs are discussed. The production
suggests to be amino radical addition to a linear carbon skeleton (C6NH2). Calculations indicate that a structure with hydrogens and nitrogen on
opposite ends of the molecule (H2C6N) lies 2.8 eV lower in energy. The absence of∼ 20 cm−1 spaced rotational K-structure indicates the presence
of an off-axis carbon or nitrogen atom, but not hydrogen alone.
© 2006 Elsevier B.V. All rights reserved.
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. Introduction

Approximately one quarter of the interstellar and cir-
umstellar molecules detected to date contain nitrogen. The
ajority of these species have only carbon and hydrogen
s additional elements. It is also striking that the longest of

hese nitrogen containing compounds are cyanopolyynes[1]:
carbon skeleton capped by H and N atoms at opposite ends.
uch an abundance invokes interest to the mechanism of their

ormation. As several amino-containing molecules are also
etected in space, the study of CnNH2 moieties becomes of

nterest. Spectroscopic characterization of such molecules is
esirable also for their identification in plasma and combustion
eactions.

The conventional way to produce nitrogen capped carbon
pecies is by applying an electrical discharge through a mixture
f acetylene or diacetylene, to provide building blocks for the
hains, with cyanoacetylene[2–4], cyanogen[3,5], dicyanogen
6], or even N2 [2,7] in rare gases. This approach is not thought to
e suitable for the amino-capping: introduction of ammonia or
imilar precursors precludes creation of long chains by blocking
he growing end of the “assembly line”. Alternatively, one could

first grow a carbon skeleton and then expose the specie
reactant like NH3. Thus, a source that utilizes laser ablation
graphite has been adopted.

The products from graphite vaporization in reactive at
spheres have been studied mainly mass-spectroscopica
one study it was shown that the small even carbon species
reactive as the odd-numbered ones, but become resistan
actions with NO, H2, CO, SO2, O2, and NH3 in the 40–80 atom
range[8]. In the study of the carbon molecules comprising 6
atoms in the presence of H2, H2O, and N2, the most abunda
products were C2nH2 (and C2nN2 for N2) implying linear skele
ton structures[9]. At high hydrogen concentrations the pe
C2nHm=6,8,... became apparent, confirming the presence of
non-linear carbon moieties in the plasma. The abundance
C2nH2 products is attributed to their inert nature. In the re
study of ablated graphite in H2 and D2 gases, it was shown that
short delays after the laser pulse, the amount of other deriva
(CnHm) is significant[10]. Although mass-spectroscopic te
niques give an indication as to the structure of the most abu
products, proof can be provided by spectroscopy. Recentl
cyclic and linear isomers of C18 and C22 formed by laser va
porization could be distinguished by addition of hydrogen
the subsequent identification of the electronic transition o
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formed HC2nH chains[11].
In this contribution the gas phase electronic spectra of

C NH and C NH created in an ammonia seeded graphite ab-
l ance-
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ation are presented. Products were detected via a reson
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enhanced multiphoton ionization (REMPI) scheme under su-
personic molecular-beam conditions. Several possible isomers
are discussed in relation to the plasma chemistry. Electronic
and vibrational information is considered and the implications
discussed.

2. Experiment

The apparatus consisted of a molecular beam combined with
a linear time-of-flight (TOF) mass analyzer. The source relied
on laser vaporization of graphite coupled to a pulsed valve.
The rod was rotated and translated so that a fresh surface was
continuously exposed to the laser (25 mJ/5 ns pulse of 532 nm
Nd:YAG, focused to 0.3 mm) which was fired to coincide with
the buffer gas flow over the target area. Vaporized carbon was
swept through a 15 mm long and 3 mm diameter tube with am-
monia (10%) seeded neon at 5–10 bar and expanded into a vac-
uum chamber. The species produced passed through a skimmer
into a differentially pumped region where ions were removed
by a perpendicular electrical field before entering the TOF. The
neutral molecules were then ionized by 7.9 eV photons of a F2
laser. The ionization process is more efficient when the tunable
laser is resonant with a dipole-allowed electronic transition. Ions
were extracted and accelerated towards a dual micro-channel
plate detector. Photons in the 440–620 nm range were delivered
by an OPO system (≈ 0.25 cm−1 bandwidth). The latter was
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Fig. 1. Gas phase electronic spectra of (a) C6NH2 and (b) C8NH2 detected by a
resonant two-color two-photon ionization technique under supersonic molecular
beam conditions. Both show the excitation of CC modes. Laser bandwidth
increases from≈0.2 to 0.3 cm−1 at higher energy. Letters refer to the peaks that
have counterparts in both spectra, and stars—for those that do not.

traces the corresponding features for a C8NH2 molecule involv-
ing ∼2100 cm−1 C C- stretch progression. Thus, peak 19(20)
is assigned to the vibronic transitionν(C C)

1
0 of C6NH2, and

peaks 6, 9 of C8NH2 to ν(C C)
1
0 andν(C C)

2
0. Additional bands

to higher energy then appear to be due to combinations of this
stretch with other lower frequency modes. There are also other
similarities between the two spectra: the bandsa, b, c in Fig.
1 seen to be common to C6NH2 and C8NH2. Different width
and pattern of the vibronic bands in the two spectra suggests

Table 1
Maxima of the vibronic bands observed in the electronic spectrum of C6NH2

Peak ν (cm−1) �ν (cm−1) Assignment

1 19691(1) 0 000
2 19845(2) 154
3 19915(2) 224
4 20106(3) 415
5 20169(1) 478 ν�

6 20183(1) 492
7 20224(2) 533
8 20242(1) 551
9 20261(1) 571




10 20292(1) 601
11 20340(1) 649
12 20409(1) 718
13 20484(2) 793
14 20922(2) 1231 νa
nti-collinear to the molecular beam, while the ionization l
as perpendicular, allowing for maximum overlap. Variatio

he mass-peak area as function of the laser wavelength giv
EMPI spectrum of the molecule. Separation of the ions in
rift tube after resonant excitation enables a large numb
asses to be monitored simultaneously.

. Results and discussion

.1. Observations

Fig. 1 shows the measured electronic excitation spect
6NH2 (a) and C8NH2 (b) in the 17000–22000 cm−1 range. The
axima of the observed vibronic bands are given inTables 1 an

. The molecular formulae of the carriers were determined
he mass-to-charge ratio (m/z) of the ions detected. Isotop
abelled precursor was utilized to distinguish moieties like NC5N
nd C7H4 from C6NH2, which all have the samem/z=88. The
ptical spectrum moves to them/z=90 channel on deuteratio
onfirming the presence of two hydrogens.

The spectrum of C6NH2 appears to have its origin
9691 cm−1. No other absorptions were observed at lower
rgy down to 16200 cm−1. While the majority of the spectr

ines are∼ 5 cm−1 wide, a few peaks at the blue end are
iceably broader (∼ 30 cm−1). Predissociation does not app
o be involved because no resonance peaks by smaller m
down to m/z = 40) were observed at the same wavelen
he broadened features could have been attributed to a t

ion to the next electronic state, which would be expecte
ave a shorter lifetime due to efficient internal conversio

he underlying A-state. However, the analysis of two spe
es

i-

15 21078(2) 1387 νb

16 21375(2) 1684 ν��

17 21547(3) 1856
}

νc

18 21614(2) 1923

19 21767(10) 2076
}

(νC≡C)1
0

20 21795(2) 2104
21 21905(10) 2214
22 22297(10) 2606 (νC≡C)1

0 + ν�

23 22341(15) 2650


24 22469(5) 2778

25 22542(5) 2851
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Table 2
Maxima of the vibronic bands observed in the electronic spectrum of C8NH2

Peak ν (cm−1) �ν (cm−1) Assignment

1 16769(1) 0 000
2 18028(2) 1259 νa

3 18176(2) 1407 νb

4 18558(4) 1789
}

νc

5 18608(3) 1839
6 18840(4) 2071 (νC≡C)1

0
7 19659(15) 2890
8 20665(20) 3896 (νC≡C)1

0 + νc

9 20893(5) 4124 (νC≡C)2
0

10 21612(15) 4843

coupling of a “bright state” with a “dark state”. This depends
on their proximity, which would be different among these two
molecules.

3.2. Structural considerations

In the absence of resolved rotational structure other spectro-
scopic and theoretical information has to be used to infer the
likely structure of the species. The mass spectra provide infor-
mation on the most abundant products in the plasma and gives
CnH, Cn, CnH2, CnNH4, CnH3,CnH4. No prominent amounts of
N-, NH-, or NH2-capped species were detected suggesting that
the fragmentation H3N−→H2N•+H• occurs without further dis-
sociation of amidogen. Hydrogen radical makes a stronger bon
with hydrocarbons than the amino radical H2N• (seeTable 2in
[12]) and is lighter and more agile. So it is expected that an H
atom will react more effectively with the growing carbon chains
than H2N•. This explains the prevalence of the hydrogen capped
chains in the mass-spectrum.

The apparent abundance of long chains in graphite ablation i
presence of ammonia suggests that the major part of the reactio
with it takes place after the growth of a carbon skeleton. Plasma
at the point of the laser spot is constricted at the high buffer
gas pressure and clustering reactions are rapid in the plume o
carbon vapor compared with the diffusion speed[9]. Thus, the
d ppe
c erte
i ctro

ative

scopic detection of C6NH2 and C8NH2, belonging to the same
family.

Several possible structural isomers of C6NH2 were calculated
at the DFT-B3LYP/6-31G(2df) level and the results, along with
their symmetry group and relative energy, are depicted inFig.
2. The three simplest candidates (isomers 1–3) are considered
first. Isomer 1 complies with the above considerations in the most
straightforward way, arising via attachment of H2N· to a bare
carbon chain in the plasma region. An unsaturated carbon chain
pulls electronic density away from the nitrogen atom, forcing
the molecule to flatten. The reaction mechanism for production
of isomer 2 is less evident, even though it lies 2.81 eV lower in
the energy than isomer 1. The formation could involve multiple
collisions, which take place in the source, causing sequential
H-atom additions to the opposing end of chain. Alternatively,
hydrogens from one end of carbon skeleton to the other have to
migrate. However, this barrier may not be crossed because of
fast adiabatic cooling in the supersonic expansion. The latter is
known to be efficient, sometimes freezing the reaction products
before they anneal to the lowest energy conformation. An ex-
ample is the detection of a C7H3 isomer lying 2.1 eV above the
most stable form[13]. Isomer 3 (Cs) of C6NH2 is an intermediate
form between the first two.

The absence of a clear K-structure (the rotational A constants
for isomers 1 and 2 are≈ 10 cm−1, for 3≈25 cm−1) in the op-
tical spectra restricts all measured vibronic transitions to be of
A s un-
l axis
h stant.
I uld
b uch as
H and
p te the
a e
s
s
i sat-
u d N
g of the
r
f .
ominant products are expected to be one or both end-ca
arbon moieties rather than those with a nitrogen atom ins
nto the chain. This would also be in agreement with the spe

Fig. 2. Possible structural isomers of C6NH2 and the rel
d

n
ns

f

d
d
-

stabilities calculated at the DFT-B3LYP/6-31G(2df) level.

-type. As the presence of only this type of transitions seem
ikely, this leads to the consideration of structures with off-
eavy atoms (i.e., non-hydrogen) to decrease the A-con

f there would be just H-atoms off-axis, the K-structure wo
e clearly resolved (as has been observed in molecules s
2CCC[14]). Structures 4–8 comply with this requirement
ossess an acetylenic triple bond. They also easily tolera
ddition of two carbon atoms. (4n + 3)-membered rings becom
tabilized upon removing the excess electron from theπ-orbital
ystem, be it done by ionization, or forming aσ lone pair like
n cyclopropenylidene, or delocalizing it on an adjacent un
rated carbon chain. Different permutations of end-CH an
enerate the structures 3–6. The microwave observations
ing-chains CnH2, n = 5, 7, 9[15–17]and HCnN, n = 4, 6[18]
urther point to the existence of corresponding CnNH2 species
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In isomers 7 and 8 the conjugated system will behave spectro-
scopically like in a linear chain. One would expect these C6NH2
molecules to exhibit an electronic spectrum analogous to lin-
ear C6H, which was first measured in absorption in a neon
matrix [19]. The C6H radical absorbs in the same region as
C6NH2 and exhibits similarities in its pattern of vibronic tran-
sitions. One can compare the acetylenic stretch vibrations 31

0
(1638 cm−1) and 510 (2076 cm−1) of C6H with ν�� (1684 cm−1)
andν(C≡C)

1
0 (2076 cm−1) of C6NH2. The shift of the C6NH2

origin by ∼800 cm−1 to the blue of that of C6H is probably
mostly due to the CH→N substitution effects, which for linear
chains are normally of the order of a thousand wavenumbers. Be-
sides, the shift of the absorption origin upon adding two carbons
C6NH2 to C8NH2 (2922 cm−1) is similar to that (3016 cm−1)
from C6H [20] to C8H [21]. This shift is a normal behavior of
conjugated carbon chains belonging to a homologous series.

The spectra of the “isoelectronic” series C9H3, C11H3, C13H3
should be mentioned. These species were found to absorb all
in the same part of the visible range[22], exhibiting remark-
ably similar vibrational structure and low ionization potentials
(<6.4 eV). However, C6NH2 and C8NH2 must possess a dif-
ferent structure to their isoelectronic CmH3 analogs since they
have an ionization potential>7.9 eV and the origin band posi-
tion shifts about 3000 cm−1 to the red upon adding two carbon
atoms.
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to be measured. The latter criterion rather than the relative abun-
dance or lowest energy is likely the most important factor and is
thought to be responsible for the non-detection of other isomers.
The fact that these nitrogen containing molecules were detected
implies a slow (∼30 ns for C6NH2 and∼5 ns for C8NH2) in-
ternal conversion from the measured excited state and hence a
large energy gap above the ground state. This provides a fur-
ther means to confirm their structure once good quality ab initio
calculations of the excitation energies become available.
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