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Rotational spectra of C 4N, C6N, and the isotopic species of C 3N
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Two new carbon chain radicals terminated with a nitrile group, C4N and C6N, have been detected
in a supersonic molecular beam by Fourier transform microwave spectroscopy. In addition, at least
three hyperfine-split rotational transitions of the singly-substituted isotopic species of C3N have also
been observed. Both C4N and C6N are linear chains with2P electronic ground states, and both
radicals have resolvable hyperfine structure and lambda-type doubling in their lowest rotational
levels. At least four transitions in the lowest-energy fine structure component (2P1/2) were measured
between 7 and 22 GHz for both molecules, and at most nine spectroscopic constants were required
to reproduce the measured spectra to a few parts in 107. Precise sets of rotational, centrifugal
distortion, spin-rotation, and hyperfine coupling constants were also determined for the isotopic
species of C3N by combining the centimeter-wave measurements here with previous
millimeter-wave data. The13C hyperfine coupling constants of isotopic C3N differ from those of the
isoelectronic chain C4H, but are fairly close to those of isovalent C2H, indicating a nearly pure2S
electronic ground state for C3N. Although the strongest lines of C6N are more than five times less
intense than those of C5N, owing to large differences in the ground state dipole moments, both new
chains are more abundant than C5N. Searches for C7N have so far been unsuccessful. The absence
of lines at the predicted frequencies implies that the product of the dipole moment times the
abundance (m•Na) is more than 60 times smaller for C7N than for C5N, suggesting that the ground
state of C7N may be2P, for which the dipole moment is calculated to be small. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1534104#
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I. INTRODUCTION

The violet band of the nitrile radical CN has long be
observed in the interstellar gas,1 and two carbon chains ter
minated with a nitrile group, C3N and C5N, have been de-
tected in interstellar or circumstellar sources with rad
telescopes.2 Owing to their importance as reactive interm
diates in chemical and astronomical processes, these
radicals have also been the subject of a number of labora
investigations over the past 40 years. Each possesses a2S1

ground state, and the two longer ones have linear~or nearly
linear! heavy atom backbones. Although CN (m51.45 D,
Ref. 3! has a substantial permanent electric dipole mom
C3N ~2.78 D, Ref. 4! and C5N ~3.38 D, Ref. 5! are even
more polar, with intense rotational lines which have aid
their detection in the laboratory and in space.

In contrast, CCN is the only even-membered CnN radi-
cal that has been detected in the gas-phase at any w
length, even though longer such chains may play impor
3540021-9606/2003/118(8)/3549/9/$20.00
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roles in interstellar chemistry and soot formation.6,7 Like that
of CN, the electronic spectrum of CCN was observed m
than 25 years8 before its pure rotational spectrum wa
measured.9 Laboratory detection of longer C2nN radicals has
proven difficult because these—like CCN—are expected
have 2P electronic ground states and small dipo
moments.10

A detailed study of the electronic structure of C3N is also
worth undertaking because this radical is isoelectronic w
C4H, a well-studied molecule in which an extremely low
lying A 2P electronic state strongly interacts with theX 2S1

ground state.11 Owing to large zero-order mixing betwee
the two states, the13C hyperfine coupling constants of C4H
at each substituted position along the chain12 differ signifi-
cantly from those of the closely-related chain CCH.13 Deter-
mination of the analogous constants for isotopic C3N should
provide an unambiguous comparison of the electronic str
ture and chemical bonding for these two isoelectro
radicals.
9 © 2003 American Institute of Physics
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By means of Fourier transform microwave~FTM! spec-
troscopy of a supersonic molecular beam, two nitrog
bearing carbon chain radicals, C4N and C6N, have been de-
tected. These have2P ground states with regular fin
structure, and well-resolved lambda-type doubling and
perfine structure in their lower rotational transitions. All
the chains from C3N to C6N have abundances in excess
109 molecules per gas pulse. In spite of their weaker l
intensities, C4N and C6N are produced more abundantly tha
C5N in our molecular beam. A search for the next membe
the series, C7N, has also been undertaken on the basis
high-levelab initio calculations; no lines have been detect
at the predicted frequencies, suggesting that the ground
may be2P, for which the dipole moment is calculated to b
about four times smaller than that for the2S state. In addi-
tion, we give a detailed account here of the nitrogen-15
the three carbon-13 isotopic spectra of C3N.11 A complete set
of hyperfine coupling constants has been determined for e
species, which allows detailed comparisons to be made
carbon-13 CCH and C4H.

II. EXPERIMENT

Rotational lines of the two new radicals here and iso
pic C3N were detected at centimeter wavelengths with a s
sitive FTM spectrometer that has been used to detect ne
100 new carbon chains, ring-chains, and silicon–car
rings during the past 6 years.14 The spectrometer and th
supersonic molecular beam discharge nozzle have been
scribed in previous publications.15,16 Briefly, a pulsed super-
sonic molecular beam of an organic precursor vapor hea
diluted in an inert gas is produced by a commercial solen
valve. Depending on the precursor gas, a wide variety
reactive molecules are formed by applying a small electr
discharge in the throat of the supersonic nozzle, prior to a
batic expansion. Free expansion from the nozzle forms
short distance an approximately Mach 2 supersonic be
with a rotational temperature that drops precipitously to
low as 1 K. As the beam passes through a large higQ
Fabry–Perot cavity, a rotational transition resonant with o
of the modes of the cavity is excited coherently by a sh
pulse of microwave radiation. When the pulse is switch
off, the stored microwave energy in the cavity rapidly deca
away (t,10ms), and line radiation by the coherently rota
ing molecules (t;75ms) is then detected by a sensitiv
microwave receiver coupled to the cavity by a sh
L-shaped antenna passing through one of the Fabry–P
mirrors. The spectrometer operates from 5 to 43 GHz an
fully-computer controlled to the extent that, in spite of t
small spectral coverage of each setting of the Fabry–P
~;0.5 MHz!, automated scans covering wide frequenc
and requiring many hours of integration, can be conduc
with little or no oversight. Rotational lines of known mo
ecules are routinely monitored for calibration. Care was a
taken to minimize the Earth’s magnetic field at the center
the Fabry–Perot cavity using three sets of mutually perp
dicular Helmholtz coils; the residual of the Earth’s field w
about 10–15 mG over the active volume of t
spectrometer—sufficient cancellation for most of our m
Downloaded 27 Jan 2005 to 128.103.60.225. Redistribution subject to AI
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surements, but still large enough to broaden the lowest r
tional lines of CCC15N beyond the intrinsic instrumenta
linewidth of 5 kHz.

Searches for the rotational spectra of C4N and C6N were
guided byab initio calculations of Pauzatet al.10 The rota-
tional constants for both molecules were estimated by s
ing the ab initio rotational constants by the ratio of the e
perimentalB value to that calculated at the same level
theory for C2N, C3N, and C5N. Rotational transitions pre
dicted in this way turned out to be quite accurate: to with
0.25% for C4N and C6N. For isotopic C3N, searches for the
lowest-frequency hyperfine-split transitions were based
spectroscopic constants derived from a previous millime
wave study11 of the three13C isotopic species of C3N and
CCC15N. In that study, the authors reported effecti
bF(13C) values for13CCCN and C13CCN, but they were un-
able to determine the dipole–dipole constantc or the 14N
hyperfine coupling constants for either isotopic species—
to observe hfs for either CC13CN or CCC15N.

The optimal experimental conditions for the prese
molecules were found to be similar to those that optim
production of the acetylenic free radicals CnH: a low-current
dc discharge of 1100–1300 V synchronized with a 300–4
ms long gas pulse at a total pressure behind the nozzle o
kTorr ~3.2 atm!, and a total gas flow of 25–35 sccm. Th
strongest lines of C4N and C6N were obtained with a mixture
of 0.2% HC3N in Ne, while lines of the13C isotopic species
of C3N were detected with a mixture of 0.2% HC3N and
0.7% statistical carbon-13 HCCH~i.e., 25% HCCH, 50%
H13CCH, and 25% H13C13CH) in Ne; 0.2% CH3C15N in Ne
was used to detect the CCC15N isotopic species, and a
sample of 0.2% CH3

13CN in Ne was used to confirm ou
tentative detection of CC13CN. The statistical mixture of
carbon-13 HCCH was produced by the hydrolysis
13C-enriched Li2C2 which was prepared by the NIH Stab
Isotope Resource, Los Alamos National Laboratory.

The present identifications are extremely secure:~i! the
two new molecules are almost certainly radicals beca
their rotational transitions are separated in frequency by h
integer quantum numbers, and their lines exhibit the
pected Zeeman effect~i.e., a fairly modest broadening owin
to the small magneticg factor of a2P1/2 state! when a per-
manent magnet is brought near the molecular beam;~ii ! the
carriers of the observed lines are nitrogen-bearing molec
because the lines disappear when cyanoacetylene is rep
with diacetylene, and because characteristic hfs from the
trogen nucleus was observed in all of the assigned spe
~iii ! impurities from contaminants in the gas samples, as w
as van der Waals complexes with the buffer gas, can als
ruled out, because the lines were produced with acetyl
plus cyanogen as the precursor gas, and when Ar replace
as the buffer gas; and~iv! the identifications of C4N and C6N
are also supported on spectroscopic grounds by the c
agreement ofB andD with those estimated by scaling from
the ab initio geometries and the CnH chains of similar size.
In addition, the lambda-doubling constantp12q in the2P1/2

ladder of C4N and C6N can be predicted to within a factor o
2 by scaling from CCN~Ref. 9! on the assumption of free
precession. The nitrogen hyperfine constantsa2(b1c)/2, b,
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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3551J. Chem. Phys., Vol. 118, No. 8, 22 February 2003 Rotational spectra of C4N, C6N, and C3N
and d also smoothly decrease in magnitude from CCN
C6N, as one might expect if the unpaired electron is deloc
ized along the chain; a similar decrease in the hydrogen
perfine constanta2(b1c)/2 has been observed in the od
numbered acetylenic chains up to C13H.17

Under optimized experimental conditions, the strong
rotational lines of C4N were approximately 15 times les
intense than those of C3N, but were still observed with a
signal to noise of approximately 25 after 1 min of integr
tion; the decrement in peak signal strength from C4N to C6N
was only about a factor of 3. For speed and convenience
of the C3N isotopic measurements were made with enrich
samples; with the13C-HCCH sample, line intensities wer
typically 2–3 times stronger than those of the same li
observed in natural abundance. When the13C-methylcyanide
sample was employed instead, lines of CC13CN were three
times more intense than those observed with13C-acetylene.
Sample lines of C4N, C6N, and CCC15N are shown in Fig. 1.

Laboratory searches were also undertaken for C7N using
experimental conditions and gas mixtures that optimize
production of either C5N or C6N, or both molecules simul-
taneously. Searches were based on a high-level coupled
ter calculation of Botschwina,18 and covered frequenc
ranges that correspond to61% of the predicted rotationa
constants. Two searches, one assuming a2S ground state
with rotational lines separated in frequency by integer qu
tum numbers, and one assuming a2P ground state with ro-
tational lines separated in frequency by half-integer quan
numbers, were performed, but no lines which could be att
uted to C7N were found in either survey. The absence
lines requires the C7N line intensities to be at least 60 time
less than those of C5N, which is readily observed in ou
molecular beam with a signal to noise of better than 25 i
min of integration.

III. DATA AND ANALYSIS

A. C4N and C6N

The lowest rotational transitions of both C4N and C6N in
the ground2P1/2 fine structure ladder are split into six com
ponents byL-doubling on the scale of 2–5 MHz and then b
hfs from the nitrogen nucleus which is generally smaller
about an order of magnitude. At least four rotational tran
tions of each radical fall within the frequency range of o
spectrometer; those measured are given in Tables I an
respectively. Rotational transitions from the higher-lyi
X 2P3/2 ladder were not observed, because this lies at le
several tens of Kelvin above theX 2P1/2 ladder and is appar
ently not appreciably populated in the generally rotationa
cold molecular beam (Trot52 – 3 K). An effective Hamil-
tonian for a molecule in a2P electronic state19–21 was fit to
the measured transitions. With the fine structure constaA
constrained at 40 cm21, at most nine spectroscopic constan
the rotational constantB, centrifugal distortion D, two
lambda-doubling constantsp12q and (p12q)D , and five
hyperfine constants, the diagonal terma25a2(b1c)/2, the
off-diagonal termb, the parity-dependent termd, the electric
quadrupole termeQq0 , and the nonaxially symmetric quad
rupole termeQq2 were required to reproduce the 29 me
Downloaded 27 Jan 2005 to 128.103.60.225. Redistribution subject to AI
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FIG. 1. Sample rotational spectra of~a! C4N, ~b! C6N, and ~c! CCC15N.
The valence structures indicated at the top of the C4N and C6N spectra are
only approximate. Owing to large lambda-doubling, only one lambda co
ponent is shown here for both C4N and C6N. For CCC15N, incomplete
cancellation of the magnetic field in the center of the Fabry–Perot ca
splits the observed line into two Zeeman components, which are sepa
in frequency by 20–30 kHz. In each spectrum, the double-peaked line
file is an instrumental artifact: Doppler splitting results from the interact
of the supersonic axial molecular beam with the standing wave of the c
focal Fabry–Perot microwave cavity. The integration time for each spect
was approximately 4 min, i.e., the coaddition of approximately 1500 f
induction decays at the 6 Hz repetition rate of the nozzle.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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sured lines of C4N and the 42 of C6N to better than 2 kHz. If
eQq2 was constrained to zero in the C4N fit, the rms in-
creases by more than a factor of 5. The spectroscopic
stants obtained from the fits are given in Table III.

B. Isotopic species of C 3N

The rotational spectra of the singly-substituted isoto
species of CCCN were analyzed with a standard Hamilton
for a linear2S molecule with two nuclear spins,22 as done
previously for the carbon-13 isotopic species of CCCCH11

Owing to the relative magnitude of the spin-rotation a
magnetic hyperfine interactions, the coupling scheme

J5N1S, F15J1I ~13C!,F5F11I ~N! ~1!

was used to analyze the three carbon-13 species.
CCC15N, the coupling scheme simplifies toJ5N1S, F5J
1I (15N). For 13CCCN, a more natural choice for the co
pling scheme would beF15N1I (13C), F25F11S, F5F2

1I (N) because the13C hyperfine interaction is larger tha
that of spin-rotation.23 However the fitting program can
readily handle large off-diagonal terms in the Hamiltoni
matrix which occur when the coupling scheme in Eq.~1! is
used, so, for uniformity, this program was used for13CCCN
as well. The energy level diagram in Fig. 2 shows schem

TABLE I. Measured rotational transitions of C4N in the X 2P1/2 state.

Transition Frequencya e/ f O2Cc

J8→J F8→F ~MHz! L Comp.b ~kHz!

1.5→0.5 1.5→1.5 7234.345 f 1
2.5→1.5 7247.840 e 21
1.5→0.5 7249.186 e 0
2.5→1.5 7255.402 f 21
1.5→1.5 7256.628 e 21
0.5→0.5 7257.124 e 0
0.5→0.5 7261.707 f 0
1.5→0.5 7271.774 f 21

2.5→1.5 2.5→2.5 12 073.322 f 21
1.5→1.5 12 084.411 f 21
3.5→2.5 12 085.235 e 1
1.5→0.5 12 086.839 e 0
3.5→2.5 12 091.162 f 2
2.5→2.5 12 094.262 e 2
2.5→1.5 12 094.384 f 1
1.5→0.5 12 094.480 f 0
1.5→1.5 12 094.777 e 0

3.5→2.5 4.5→3.5 16 921.368 e 21
3.5→2.5 16 921.448 e 21
2.5→1.5 16 922.195 e 0
4.5→3.5 16 926.823 f 1
3.5→2.5 16 928.186 f 21
2.5→1.5 16 928.220 f 20

4.5→3.5 5.5→4.5 21 757.146 e 2
4.5→3.5 21 757.171 e 21
3.5→2.5 21 757.636 e 20
5.5→4.5 21 762.464 f 21
4.5→3.5 21 763.210 f 21
3.5→2.5 21 763.220 f 2

aEstimated experimental uncertainties~1s! are 2 kHz.
bDesignation ofe and f levels is based on the assumption that the hyperfi
constantd is positive.

cCalculated frequencies derived from the best fit constants in Table III.
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cally the spin-rotation and hyperfine splitting for the low
rotational levels of13CCCN, as well as some of the strong
transitions that have been observed.

At least three hyperfine-split rotational transitions we
observed for each of the four singly-substituted isotopic s
cies of CCCN. Table IV gives the frequencies of the o
served transitions and their assignments. The observed
perfine components are generally those with the stron
predicted intensities; some of the weaker ones are too fain
detect.

In initial fits to the carbon-13 FTM centimeter-wave da
in Table IV, the rotational constantB, and the centrifugal
distortion constantD were constrained to the values prev

e

TABLE II. Measured rotational transitions of C6N in the X 2P1/2 state.

Transition Frequencya e/ f O2Cc

J8→J F8→F ~MHz! L Comp.b ~kHz!

4.5→3.5 5.5→4.5 7851.036 e 21
4.5→3.5 7851.047 e 0
3.5→2.5 7851.318 e 0
5.5→4.5 7853.245 f 23
4.5→3.5 7853.677 f 0
3.5→2.5 7853.677 f 24

5.5→4.5 6.5→5.5 9596.072 e 2
5.5→4.5 9596.072 e 22
4.5→3.5 9596.260 e 0
6.5→5.5 9598.199 f 21
5.5→4.5 9598.474 f 3
4.5→3.5 9598.474 f 2

6.5→5.5 7.5→6.5 11 341.066 e 21
6.5→5.5 11 341.066 e 22
5.5→4.5 11 341.203 e 0
7.5→6.5 11 343.149 f 21
6.5→5.5 11 343.336 f 0
5.5→4.5 11 343.336 f 0

7.5→6.5 8.5→7.5 13 086.043 e 21
7.5→6.5 13 086.043 e 0
6.5→5.5 13 086.146 e 0
8.5→7.5 13 088.099 f 1
7.5→6.5 13 088.233 f 0
6.5→5.5 13 088.233 f 2

8.5→7.5 9.5→8.5 14 831.011 e 2
8.5→7.5 14 831.011 e 4
7.5→6.5 14 831.085 e 21
9.5→8.5 14 833.047 f 3
8.5→7.5 14 833.145 f 21
7.5→6.5 14 833.145 f 2

9.5→8.5 10.5→9.5 16 575.963 e 21
9.5→8.5 16 575.963 e 1
8.5→7.5 16 576.024 e 21

10.5→9.5 16 577.985 f 22
9.5→8.5 16 578.067 f 0
8.5→7.5 16 578.067 f 3

10.5→9.5 10.5→9.5 18 320.906 e 24
11.5→10.5 18 320.916 e 3
9.5→8.5 18 320.973d e ¯

11.5→10.5 18 322.929 f 1
9.5→8.5 18 322.986 f 22

10.5→9.5 18 322.990 f 22

aEstimated experimental uncertainties~1s! are 2 kHz.
bDesignation ofe and f levels is based on the assumption that the hyperfi
constantd is positive.

cCalculated frequencies derived from the best fit constants in Table III.
dOverlapped with interloping line; not included in fit.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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ously determined from the millimeter-wave data, and
three nitrogen hyperfine constants (bF , c, and eQq! were
constrained to the values for normal CCCN.24 The three re-
maining constants, the spin-rotation constantg, bF(13C), and
c(13C), were varied to fit the lowest-J transitions, yielding a
rms of typically <20 kHz; subsequently,B and the three
nitrogen constants were varied as well, giving an rms co
parable to the 2–5 kHz measurement uncertainty.

TABLE III. Spectroscopic constants of C4N and C6N in the X 2P state.

Constanta C4N C6N

Aeff 1 200 000b 1 200 000b

~40 cm21! ~40 cm21!
B 2422.6963~1! 873.112 24~6!
D3106 90~3! 11.5~4!
p12q 4.5525~8! 1.939~3!
(p12q)D3103 5.23~2! 0.066~10!
a2(b1c)/2 15.005~1! 8.7~5!
b 16.2~1! 7.4~10!
d 22.4254~9! 13.23~8!
eQq0 24.389~1! 24.38b

eQq2 5.6~3! ¯

aUnits are MHz. The 1s uncertainties~in parentheses! are in the units of the
last significant digits.

bFixed.
Downloaded 27 Jan 2005 to 128.103.60.225. Redistribution subject to AI
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CCC15N, the same procedure was used, except initial val
for bF andc were derived by scaling the14N hyperfine con-
stants for the normal species by the ratio ofm I /I for the 15N
and the14N nucleus.

After the centimeter-wave transitions were assigned, g
bal fits including the millimeter-wave data11 were done. The
centimeter-wave lines were assigned a frequency uncerta
of 2–5 kHz, and the millimeter-wave lines uncertainties
between 15 kHz and 150 kHz, with 25 kHz for most. Ea
hyperfine line was thus given a weight of about 100 relat
to each of the 5–7 millimeter-wave lines in the range ofN
511– 29. The final hyperfine parameters derived from
global fits are nearly identical to those calculated from
initial fits, and the global rms are comparable to those
tained from the millimeter-wave data alone. Table V lists t
spectroscopic parameters determined from the global fit
each singly substituted isotopic species of CCCN—the b
summary of all the data at hand. For comparison, the sp
troscopic constants of normal CCCN from Ref. 24 are a
given.

IV. RESULTS AND DISCUSSION

Lines of C4N and C6N are readily observed in our su
personic molecular beam, even though both radicals are
FIG. 2. Energy level diagram showing the effects of spin-rotation and13C and H hyperfine interactions on the lower rotational levels of13CCCN. Arrows
indicate measured transitions.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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3554 J. Chem. Phys., Vol. 118, No. 8, 22 February 2003 McCarthy et al.
TABLE IV. Measured rotational transitions of the carbon-13 isotopic s
cies of CCCN and CCC15N in the X 2S1 state.

Molecule
Frequencya

~MHz!
O2Cb

~kHz!

Transition

N8→N J8→J F18→F1 F8→F

13CCCN 9528.817 1 1→0 3/2→1/2 2→1 3→2
9542.475 23 1→0 2→1

19 073.604 22 2→1 5/2→3/2 3→2 3→2
19 073.886 21 4→3
19 084.532 23 2→1 2→1
19 084.612 3 3→2
19 085.382 0 3/2→1/2 2→1 3→2
28 617.158 2 3→2 7/2→5/2 4→3 5→4
28 626.762 1 3→2 3→3
28 626.796 4 4→3
28 627.817 23 5/2→3/2 3→2 4→3

C13CCN 9829.369 21 1→0 3/2→1/2 2→1 2→1
9830.396 1 3→2
9839.603 21 1→0 1→1
9840.701 22 2→1

19 672.508 6 2→1 5/2→3/2 3→2 3→2
19 672.780 25 4→3
19 681.164 27 2→1 3→2
19 681.175 3 2→1
19 684.220 1 3/2→1/2 2→1 1→1
19 684.755 2 3→2
29 521.725 3 3→2 7/2→5/2 3→2 4→3
29 521.758 1 3→2
29 626.764 24 5/2→3/2 3→2 4→3

CC13CN 9847.713 23 1→0 3/2→1/2 2→1 2→1
9848.755 2 3→2
9853.055 5 1→0 1→1
9853.282 8 2→1
9873.604 2 1/2→1/2 1→1 2→2

19 706.620 3 2→1 5/2→3/2 3→2 3→2
19 706.889 2 4→3
19 706.914 3 2→1
19 709.044 27 2→1 2→1
19 709.080 5 3→2
19 723.673 3 3/2→1/2 2→1 3→2
19 726.516 23 1→0 2→1
29 564.843 0 3→2 7/2→5/2 4→3 4→3
29 564.907 23 3→2
29 564.970 2 5→4
29 566.119 23 3→2 3→2
29 566.174 5 4→3
29 568.747 26 3→2 7/2→5/2 3→2 2→2
29 580.140 22 5/2→3/2 3→2 3→3
29 581.389 23 2→1 2→2
29 582.300 28 3→2 3→2
29 582.480 3 2→1
29 582.569 1 4→3
29 583.673 0 2→1 2→1
29 583.913 5 3→2
29 584.491 1 1→1
39 422.912 25 4→3 9/2→7/2 5→4 5→4
39 422.990 1 6→5
39 440.879 21 7/2→5/2 4→3 4→3
39 440.986 0 5→4
39 441.702 22 3→2 3→2
39 441.485 6 4→3

CCC15N 9593.486 24 1→0 3/2→1/2 2→1
19 195.842 0 2→1 5/2→3/2 3→2
19 195.863 1 2→1
19 213.911 4 3/2→1/2 2→1
19 243.521 0 1→1
28 798.215 1 3→2 7/2→5/2 4→3
28 798.215 21 3→2
28 816.243 22 5/2→3/2 2→1
28 816.350 23 3→2
38 400.553 2 4→3 9/2→7/2 5→4
38 400.553 4 4→3

aEstimated experimental uncertainties~1s! are 2 kHz, except for the
CC13CN transitions whose uncertainties are 5 kHz.

bCalculated frequencies derived from the best fit constants in Table V.
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culated ab initio to possess rather small dipole momen
0.14 D for C4N and 0.31 D for C6N.10 In FTM spectroscopy,
line strengths are proportional to the first power of the dip
momentm, not m2, as in classical absorption spectroscop
rotational lines of smallm molecules are therefore relativel
much more intense in FT spectroscopy than in conventio
spectroscopy. Bauder and co-workers, for example, have
tected a number of deuterated hydrocarbons25 using the
present technique; many with dipole moments in the rang
1021– 1023 D.

Relative abundances~Fig. 3! of the nitrogen-bearing car
bon chain radicals here to one another and to C3N and C5N
were determined from intensity measurements on lines
close in frequency as possible to minimize variations in
strumental gain. These were converted to absolute ab
dances by comparing line intensities with those of the r
isotopic species of OCS in a supersonic beam of 1% OCS
Ar in the absence of a discharge, taking into account diff
ences in the rotational partition functions and dipole m
ments. As Fig. 3 shows, the two new chains here are m
than a factor of 2 more abundant than C5N.

Our failure to detect C7N may indicate a2P ground state
for this molecule. Botschwina concluded on the basis
RCCSD~T!/cc-pVTZ calculations18 that the ground state o
C7N is 2P (m50.96 D), but that a2S1 state (m53.86 D) is
very close in energy, lying only 250 cm21 above ground at
the highest level of theory. If we assume the same abunda
decrement from C5N to C7N as from C3N to C5N ~a factor of
17! and a2P ground state, the C7N lines would be 180 less
intense than those of C5N, i.e., three times below our prese
upper limit. If the ground state is2S1 instead, the expected
decrease in line intensity is only a factor of 45. In either ca
significant rovibronic interaction may occur between the
two low-lying electronic states, a factor which could hind
spectral analysis and assignment regardless of the symm
of the ground state. Detection of C7N may still be possible;
with further improvements in instrumentation and producti
efficiency a factor of 5 or more in sensitivity may be with
reach.

The formation of carbon chain radicals in our molecu
beam is apparently different for chains with odd and ev
numbers of carbon atoms. Although the abundance data
CnN is much less complete than for CnH, it is worth noting
that the plot in Fig. 3 is similar to that previously derived f
the acetylenic radicals~see Fig. 2 of Ref. 17!, implying simi-
lar, if not common, formation mechanisms in our dischar
Most of the C2n11H and C2nN chains are more abundan
than the corresponding C2nH and C2n11N chains. If nonpolar
carbon chains C2n11 are more abundant than even-number
chains C2n , for example, subsequent reactions involving t
radicals C2H or CN ~produced directly via cleavage of th
central C–C bond of either HC4H or HC3N) may produce
the odd–even alternation that is observed. Evidence to s
port this formation mechanism is the mass distribution o
diacetylene discharge which exhibits an even–odd alte
tion in abundance for chains beyond C9, with the odd chains
being more abundant.26 Additional isotopic spectroscopy us
ing 13C-enriched samples of cyanogen, cyanoacetylene,
thylcyanide, etc., may allow the distribution of carbon in o

-
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discharge source to be determined, providing clues to
chemical processes at work.

Low-lying isomers of C4N and C6N may be amenable to
laboratory detection with present techniques. Dinget al.27

recently calculated the potential energy surface of C4N, and
concluded that 13 isomers, some with unusual cyc
branched, and caged structures, probably exist. The iso
of the most immediate laboratory interest is the ring-ch
analog toc-C5H, with the CCH group replaced by a nitril
group. This isomer is predicted to have considerable kin
stability towards isomerization and dissociation, and is c
culated to lie only 2.8 kcal/mol above the linear chain. B
cause it is also predicted to possess a substantial dipole
ment (m50.63 D), and becausec-C5H has already been
detected with the same discharge source,28 detection of
c-C4N may succeed with dedicated searches. Other l
lying polar isomers of C4N such as CCCNC~23.4 kcal/mol;
1.38 D! may also be within reach.

FIG. 3. Relative abundances of the CnN radicals per gas pulse in the supe
sonic molecular beam as a function of chain length.
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The electronic spectra of C4N and C6N as far as we can
tell are completely unknown. Both radicals probably poss
strong 2P –X 2P electronic transitions at visible or nea
infrared wavelengths, like the shorter chain CCN~Ref. 9!
and most of the acetylenic chains CnH up to C10H. Many of
these have now been studied by sensitive laser techni
~see e.g., Ref. 29!, including LIF, cavity ring-down laser ab
sorption spectroscopy~CRLAS!, and most recently, resonan
two-color, two-photon ionization spectroscopy~R2C2PI!
combined with time-of-flight mass detection. All of the sp
cies up to C6N have abundances near the throat of our noz
of .109 molecules per pulse—an adequate number den
for all three techniques—but the best choice would appea
be R2C2PI because the optical spectrum of linear C3H is
significantly broadened owing to rapid internal conversion30

and because REMPI is more sensitive than CRLAS and
mass selective as well.

With the 13C hyperfine constants given in Table V, it
possible to make systematic comparisons between the e
tronic structure and chemical bonding of C3N, isoelectronic
C4H, and isovalent CCH. Such comparisons are appropr
because all three chains ares-bonded radicals with2S
ground states, and because the hyperfine constants are
portional to important expectation values of the valence e
tron, providing highly specific probes of the molecular wa
function. Carbon-13 is particularly useful because it prob
the wave function at all the substituted positions along
carbon chain.

There are only two nonzero hyperfine parameters fo
2S state: the Fermi-contact termbF and the dipole–dipole
termc. The Fermi-contact term sheds light on the location
the unpaired electron along the carbon chain backbone,
cause onlys electrons have nonzero amplitude atr 50, and
the unpaired electron is expected to have significants char-
acter for the threes-bonded radicals here. The dipole–dipo
term c also provides information on the orbital occupanc
of the unpaired electron, because it is a function of both
angular average and the radial expectation value of 1/r 3.

Figure 4 shows the magnitude of the two hyperfine co
e
nd the
TABLE V. Spectroscopic constants of the CCCN isotopic species.

Constanta CCCNb 13CCCN C13CCN CC13CN CCC15N

B 4947.6207~11! 4771.2195~2! 4920.7095~2! 4929.0640~2! 4801.2267~1!
D3103 0.7535~16! 0.6993~2! 0.7453~4! 20.7497~3! 0.7064~1!
g 218.744~6! 217.963~5! 218.574~5! 218.648~3! 218.208~1!
gD3103 20.006~11! ¯ ¯ ¯ ¯

bF(13C) ¯ 973~2! 188.6~2! 23.55~2! ¯

c(13C) ¯ 139.5~3! 52.9~1! 2.17~3! ¯

bF(14N) 21.20~3! 21.26~6! 21.234~6! 21.182~8! ¯

c(14N) 2.84~9! 3.4~1! 2.82~3! 2.88~2! ¯

eQq0 24.32~10! 24.48~4! 24.331~9! 24.323~8! ¯

bF(15N) ¯ ¯ ¯ ¯ 1.883~9!
c(15N) ¯ ¯ ¯ ¯ 24.30~3!
sN

c
¯ 1.19 1.16 0.77 0.97

aUnits are MHz. The 1s uncertainties~in parentheses! are in the units of the last significant digits. Th
spectroscopic constants were derived from the hyperfine-split centimeter-wave transitions in Table IV a
millimeter-wave transitions in Ref. 11.

bReference 24.
cNormalized standard deviation of the fit.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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stants at different positions along the carbon chain for
three radicals. AlthoughbF(13C) andc(13C) are nearly the
same for13CCH and13CCCN and for C13CH and C13CCN,
the same two constants are each smaller by about a fact
2 or more at the same substituted positions of CCCCH.
reason for these differences may be the large zero-order
ing between the low-lying2P state and theX 2S1 ground
state of C4H: the2P –X 2S energy separation is calculated
be 3600 cm21 for CCH,31 2400650 cm21 for C3N, but only
100650 cm21 for C4H.11 Owing to strong vibronic coupling
between these states, the2S ground state of C4H probably
possesses significant2P character, unlike the ground state
of CCH or C3N, which are nearly pure2S.

With simple atomic orbitals32 it is possible to estimate
crudely the fractional 2s and 2p character in the 2s molecu-
lar orbital of C3N, on the assumption the unpaired electron

FIG. 4. Comparison of the13C hyperfine constants for C2H, C4H, and C3N
at different substituted positions along the chain; the positions are numb
with respect to the terminal carbon atom. The C2H data are from Ref. 13 and
the C4H data are from Ref. 12.
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localized on either of the two carbon atoms furthest from
nitrogen. Within a few percent, this calculation yields t
same unpaired electron spin density on the terminal car
atom~74%! and adjacent carbon atom~26%! for C3N as that
previously derived for CCH,13 and little contribution from
the pp electronic configuration. In contrast, the relativ
amount of pp character is estimated by the sam
calculation11 to be about 28% for C4H, a result in good
agreement with that of Hoshinaet al.,33 who concluded on
the basis of LIF measurements that the admixture is ab
40%.

The measurements reported here should serve as a g
for future astronomical observations of C4N, C6N, and the
isotopic species of C3N. The spectroscopic constants pr
vided in Tables III and V allow the astronomically most in
teresting radio lines of these to be predicted to an uncerta
of 0.30 km s21 or better up to 50 GHz. Astronomical dete
tion of the carbon-13 species of C3N in the cold molecular
cloud TMC-1 is also likely, because they have already be
detected by Cernicharoet al.34 in the circumstellar shell of
the evolved carbon star IRC110216.
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