
Journal of Molecular Spectroscopy 211, 235–240 (2002)
doi:10.1006/jmsp.2001.8468, available online at http://www.idealibrary.com on

Carbon-13 Isotopic Species of H2C3, H2C4, and H2C5:
High-Resolution Rotational Spectra

M. C. McCarthy and P. Thaddeus

Harvard–Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, Massachusetts 02138; and Division of Engineering
and Applied Sciences, Harvard University, 29 Oxford Street, Cambridge, Massachusetts 02138

Received July 26, 2001; in revised form October 3, 2001

The microwave rotational spectra of the carbon-13 isotopic species of H2C3, H2C4, and H2C5 have been observed in a pulsed
supersonic molecular beam by Fourier transform microwave spectroscopy. At high resolution all of the rotational lines exhibit
hyperfine structure produced by the magnetic interaction between the nuclear spin of 13C and the overall rotation of the molecule.
The component of the nuclear spin–rotation tensor along the a-inertial axis is large for most isotopic species, especially at the
carbene carbon; at this position Caa is two to three times larger than at other substituted positions along the chain. In contrast
to both H2C3 and H2C3, in H2C4 Caa exhibits a pronounced alternation along the carbon chain backbone. Following detection
of the five carbon-13 isotopic species and D2C5, an experimental structure (r0) has been determined to high accuracy for
H2C5. C© 2002 Elsevier Science (USA)
I. INTRODUCTION

The cumulene carbenes H2CCn = C: are well-known labora-
tory and astronomical molecules. In space, H2C3, H2C4, and
H2C6 have been observed with radio telescopes (1–5) in the
molecular envelope of the carbon-rich star IRC + 10216, in the
cold dark cloud TMC-1, or in both locations. Longer molecules
of the series to H2C9 and D2C10 have been characterized spec-
troscopically in this laboratory by Fourier transform microwave
(FTM) spectroscopy of a supersonic molecular beam (6). From
rotational spectroscopy of the carbon-13 and deuterium isotopic
species, experimental structures have been derived for both H2C3

(7) and H2C4 (8). The work here on H2C3 and its isotopic species
was done at millimeter wavelengths at a spectral resolution of
about 2–3 ppm (500 kHz FWHM), and that on H2C4 and its iso-
topic species was done at centimeter wavelengths with a FTM
spectrometer at comparable resolution, 2 ppm (50 kHz FWHM),
using a molecular beam perpendicular to the axis of the Fabry–
Perot cavity.

The present study was motivated by the FTM detection of
the silacumulene chain H2CCSi and its rare isotopic species,
described in the accompanying paper (9). Because lines only
about 5 kHz wide (i.e., a spectral resolution of 0.2 ppm) are
routinely observed when FTM spectroscopy is used in combi-
nation with an axial molecular beam (10), it was possible to
detect in the silicon-29 and the two single carbon-13 isotopic
species of H2CCSi well-resolved hyperfine structure (hfs) from
the spin–rotation interaction between the nuclear spin and the
weak molecular magnetic field induced by rotation. To see if
comparable hfs can be detected in other cumulenic chains with
two equivalent protons and C2v symmetry, a systematic investi-
gation of the rotational spectra of the carbon-13 isotopic species
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of several such carbenes was therefore undertaken. Chains such
as H2C3 and H2C4 are convenient systems for study because they
are readily produced in our discharge source and because spec-
troscopic constants for their singly substituted isotopic species
have been determined (7, 8).

We present here high-resolution rotational spectra of the
carbon-13 isotopic species of three cumulene carbenes: H2C3,
H2C4, and H2C5. At high resolution, it has been possible to de-
tect hfs in all of the single carbon-13 species and to determine
the component of the nuclear spin-rotation tensor along each
inertial axis. As in H2CCSi, the component along the a-inertial
axis, Caa , is largest at the carbene carbon, owing to the pair
of singlet-coupled electrons located on this terminal atom. Al-
though Caa is otherwise fairly constant along the carbon chain
in both H2C3 and H2C5, in H2C4 a pronounced alternation is
observed, and at two of the remaining three carbon positions,
Caa is small. From the rotational constants of carbon-13 and the
D2C5 isotopic species, a fairly good experimental (r0) structure
has been determined for H2C5.

II. EXPERIMENTAL

Rotational lines of the carbon-13 isotopic species of the three
carbenes here were detected with the same FTM spectrometer
and discharge source used to study H2CCSi, H2C4Si (9), and
the four silicon–sulfur chains SiC2S, SiC3S, SiC4S, and SiC6S
(11). For H2C3 and H2C4, the isotopic species were detected
in natural abundance using the same gas mixture and source
conditions previously used for H2C7 and longer cumulene car-
benes up to H2C9 (6): a discharge through a mixture of 0.25%
diacetylene (HC4H) in neon, a gas pulse of duration 200 µsec
(15–20 sccm flow), a 1000 V dc discharge applied in the throat
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236 MCCARTHY AND THADDEUS
of the supersonic nozzle, and a nozzle backing pressure of
2.5 kTorr (3.2 atm). To detect the isotopic species of H2C5,
a statistical mixture of carbon-13 HCCH (25% HCCH, 50%
H13CCH, and 25% H13C13CH) was mixed with normal HC4H,
the optimal mixture being 0.1% carbon-13 HCCH and 0.25%
HC4H in neon. Rotational lines of the five 13C isotopic species
were then about four times stronger than when produced in nat-
ural abundance with diacetylene alone (and were about equal
in strength, to one another with no evidence of fractionation).
The statistical mixture of carbon-13 HCCH was produced by the
hydrolysis of 13C-enriched Li2C2 obtained from the NIH Stable
Isotope Resource, Los Alamos National Laboratory.

Although precise rotational and centrifugal distortion con-
stants are already available for both H2C3 and H2C4 and their
isotopic species, the present study is the first experimental in-
vestigation of the rotational spectra of the carbon-13 isotopic
species of H2C5. Searches for the rotational lines were based on
a high-level coupled cluster calculation of Botschwina (12). For
each isotopic species, rotational constants calculated from the
theoretical structure were scaled by the ratio of the experimen-
tal rotational constant to that calculated for the normal species.
Such scaling predicts the frequencies of the isotopic lines to
better than 1% of the frequency shift from lines of the normal
species; a search for example of only a few MHz was required
to find the J = 3 → 2 transitions at 13 GHz.

III. DATA AND ANALYSIS

The measured carbon-13 hfs of the three carbenes here is
given in Tables 1–3. At least two transitions for each chain were
measured in both the Ka = 0 and Ka = ±1 rotational ladders.
Additional hyperfine structure from the two equivalent hydrogen
atoms was also observed in some spectra, but this is generally
quite small (<10 kHz) and partially blended or unresolved at our
instrumental resolution; it was therefore neglected in the present
analysis.

The spectra were analyzed with Watson’s S-reduced
Hamiltonian, which well reproduces the observed spectra with
at most seven spectroscopic parameters: the two rotational con-

TABLE 1
Microwave Transitions of the H2C3 Isotopic Species (in MHz)

Note. Experimental uncertainties (1σ ) are 2 kHz. Observed minus calculated
frequencies are 0–2 kHz; the best-fit constants are given in Table 4 and 5.
C© 2002 Elsevier
stants, B and C , the two leading centrifugal distortion constants,
DJ and DJ K , and the three diagonal elements of the nuclear
spin–rotation tensor, Caa , Cbb, and Ccc, where the Hamiltonian
for the hyperfine interaction is given by

Hhfs = CaaJaIa + CbbJbIb + CccJcIc.

The rotational and centrifugal distortion constants are sum-
marized in Table 4; the spin–rotation constants are given in
Table 5. For the H2C3 and H2C4 isotopic species, the A rotational
constant was constrained to the value previously determined
from the millimeter-wave data; for H2C5, A was constrained
to the value of the normal species. For many of the isotopic
species, owing to the lack of resolved hfs in the Ka = 0 lad-
der, the Cbb and Ccc tensor elements were constrained to zero
(see Fig. 1). The rotational and centrifugal distortion constants
determined here for the isotopic species of H2C3 and H2C4

are in excellent agreement with previously reported values
(7, 8).

IV. THE STRUCTURE OF H2C5

An experimental (r0) structure (13) of H2C5 was obtained
by a least-squares adjustment of the five bonds and the HCH
bond angle in Fig. 2 to reproduce the measured rotational con-
stants in Table 4 (i.e., those of the five rare isotopic species
and D2C5, plus the normal, on the assumption that H2C5 is
planar and possess C2v symmetry). Uncertainties in the bond
lengths and the bond angle were derived on the assumption
that the largest source of error is zero point vibration. The un-
certainty in the rotational constants which yields a χ2 of 8,
the most probable value for eight degrees of freedom (14), is
�B = 0.06 MHz. Although a substitution structure (rs) could
also be derived from the available data, we have chosen not to re-
port it here because of the large uncertainties for the central bond
lengths.

The r0 structure is compared in Table 6 with an equilibrium re

structure of H2C5 calculated ab initio at the coupled cluster level
of theory (12). With the exception of the C–H bond, all bonds
agree with those calculated to better than 0.008 Å. Because of the
light mass of the hydrogen atoms and because the A rotational
constant was not determinable for any of the isotopic species, it
is not surprising that the C–H bond differs from that calculated
by more than that, or that the � HCH angle is larger than that
calculated by 1◦–2◦. As in H2C3 and H2C4, the CC bonds in
H2C5 are fairly uniform and close in length to those of typical
double bonds—evidence that the bonding is cumulenic along
the carbon chain backbone.

V. DISCUSSION

All three carbenes have large spin–rotation coupling constants
for most of their carbon nuclei. As in H2CCSi(9), Caa is large be-
cause this constant is proportional to the A rotational constant,
Science (USA)
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TABLE 2
Microwave Transitions of the H2C4 Isotopic Species (in MHz)

Note. Experimental uncertainties (1σ ) are 2 kHz. Observed minus calculated frequencies are
0–2 kHz; the best-fit constants are given in Table 4 and 5.

a Centroid of hyperfine-split lines is given owing to comparable carbon-13 and hydrogen
hfs.

TABLE 3
Microwave Transitions of the H2C5 Isotopic Species (in MHz)

Note. Experimental uncertainties (1σ ) are 2 kHz. Observed minus calculated frequencies are 0–2 kHz; the
best-fit constants are given in Table 4 and 5.

TABLE 4
Rotational and Centrifugal Distortion Constants for the Carbon-13 Isotopic

Species of H2C3, H2C4, and H2C5 (in MHz)

Note. The 1σ uncertainties (in parentheses) are in the last significant digit.
a From Ref. 7.
b From Ref. 8.
c From Ref. 22.
C© 2002 Elsevier Science (USA)
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TABLE 5
Diagonal Elements of the Spin–Rotation Tensor for the

Carbon-13 Isotopic Species of H2C3, H2C4, and H2C5 (in kHz)

Note. The 1σ uncertainties (in parentheses) are in the last significant
digit.

a Owing to the strong blend of carbon-13 and hydrogen hfs, only an
upper limit of Caa is possible.

which is nearly 10 cm−1 in these nearly prolate, asymmetric
top chains; Caa has been determined to an accuracy of about
5% for most of the present isotopic species, and as Fig. 2
shows, considerable variations in the magnitude of Caa are ob-
FIG. 1. Sample spectra of H2
13CCC showing spin–rotation hfs in rotational transitions near 40.5 GHz in the Ka = 0 and the two Ka = ± 1 rotational ladders.

Each hyperfine transition has a double-peaked line profile as a result of the interaction between the fast moving molecular beam and the two traveling waves that

compose the confocal Fabry–Perot mode. Typical integration times were 3 min pe

C© 2002 Elsevier S
served, even between adjacent atoms along the carbon chain.
The Caa values determined here are larger by a factor of 2 or
more than those reported for carbon-13 substituted formalde-
hyde [Caa = 127.86(31) kHz; Ref. (15)] or ketene [H2C13CO:
Caa = 71(8) kHz; Ref. (16)].

The theory of nuclear spin–rotation is summarized in the ac-
companying paper on the rotational spectroscopy of H2CCSi
and H2C4Si (9). Carbon-13 isotopic substitution presumably
has a negligible effect on excited state energies, on the radial
and angular distribution of valence electrons, or on the A ro-
tational constant. The ratio of Caa for different nuclei along
the chain is determined by the ratio of the average expecta-
tion value 〈r−3〉 of the valence electrons in the vicinity of each,
i.e., Cm

aa/Cn
aa ∝ 〈r−3〉m/〈r−3〉n , where m, n denote the various

carbon atoms. For this reason, experimental determinations of
spin–rotation coupling constants may provide a sensitive probe
of the electronic structure of the carbene; they also may pro-
vide stringent tests for theory because these constants should
ultimately be calculable ab initio from the molecular struc-
ture.

The diagonal element Caa of the nuclear spin–rotation tensor
is largest (by a factor of 2 or more) at the carbene carbon in
each chain here. This finding agrees well with the prediction
of valence bond theory that the two nonbonding electrons are
r spectrum.

cience (USA)
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TABLE 6
H2C5 Structures

Note. Structure that best reproduces the observed rotational transitions of the five isotopic species
(see Section IV). Estimated uncertainties in the last significant digit are given in parentheses.

a From Ref. (23).
b From P. Botschwina (unpublished); all electrons correlated.
localized on the terminal carbon atom. The small Caa of H2C4

relative to that of H2C3 of H2C5 presumably reflects differences
in the excited state energies for cumulene chains with an even
and odd number of carbon atoms.

FIG. 2. Hyperfine constants of the present carbenes and the geometrical
structure of H2C5 derived from the present data. Shown beneath each carbon
atom is the spin–rotation coupling constant Caa ; 1σ uncertainties in the last
significant digit are given in parentheses. The bond lengths and angle of H2C5

were obtained by isotopic substitution (see Section IV).
C© 2002 Elsevier
For H2C3 and H2C5, Caa is fairly constant at each of the re-
maining carbon atoms, including that bonded to the terminal
hydrogen atoms, a regularity which indicates that the average
electron density is otherwise fairly uniform along the body of
these two chains. For H2C4, however, Caa is very small (Caa <

40 kHz) at two of the remaining three carbon positions, and there
is a clear variation of Caa . One possible explanation is that orbital
excitation is fairly specific in H2C4 owing to differences in the
overlap of the ground and excited state molecular orbitals. From
a study of the carbon-13 isotopic species of H2C6, it would be in-
teresting to see if this variation holds for longer cumulene chains
with an even number of carbon atoms. With slight improvements
in detection sensitivity, such a study should be possible with our
present FTM spectrometer. An ab initio theoretical investigation
of the spin–rotation hfs of the cumulene carbenes would also be
interesting and should not be too difficult (17–19).

A byproduct of the present investigation is that very accu-
rate rest frequencies are now available for the lowest-frequency
transitions of the 13C isotopic species for the cumulene carbenes
here. H2C3, for example, is sufficiently intense in warm sources
such as the star-forming region W51 (20) and the molecular en-
velope of the evolved carbon star IRC + 10216 (21) that all three
13C isotopic species have been detected with radio telescopes.
With the spectroscopic constants in Table 4, the astronomically
most interesting lines in the radio spectrum of each can be pre-
dicted to an uncertainty of better than 1 km s−1 in equivalent
radial velocity at frequencies as high as 80 GHz—adequate for
observation in all cold molecular sources.
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