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The effective structures (r 0) of the three linear cyanopolyynes HC7N, HC9N, and HC11N have been determined to high
accuracy by isotopic substitution, following detection in a supersonic molecular beam with a Fourier transform microwav
spectrometer of all of the singly substituted rare isotopic species. For each chain, the lengths of the individual bonds have be
determined to an accuracy of 0.001 Å or 0.1% toward the end of the chain and to 0.01 Å or 1.0% toward the center. Th
experimental structures are in excellent agreement with recent high-level theoretical calculations, or, in the case of HC11N, with
extrapolation from HC9N. The three polyynes studied here represent the largest reactive carbon chain molecules for whic
accurate structures have been derived empirically. For HC7N and HC9N, it has been possible to resolve at high-resolution
nitrogen hyperfine structure in the lower rotational transitions and determineeQq for all of the singly substituted isotopic
species of HC7N and for normal HC9N. © 2000 Academic Press
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Linear carbon chains as large as HC17N have recently bee
detected in this laboratory in a supersonic molecular bea
Fourier transform microwave (FTM) spectroscopy (1). The
refinements in instrumental sensitivity and production t
nique required to detect the longer chains now permit sh
ones to be observed with very high signal-to-noise, such
all the isotopic species with a single carbon-13 or nitroge
are readily detected in natural abundance or with slight iso
enrichment. Because rotational spectra can be rapidly acq
with our computer-controlled spectrometer, it is possible
isotopic substitution to determine precise effective (r 0) struc-
tures for fairly long chains within a homologous series to s
how chemical bonding and electronic structure vary as a
tion of chain length. We do that here for the three cyan
lyynes HC7N, HC9N, and HC11N. For the first two,ab initio
values of the individual bond lengths have been calculate
Botschwina and co-workers (2, 3), allowing a direct compar
son of experiment with theory. The structures of HC3N (4) and
HC5N (5) were determined by isotopic substitution some t

go, so with the work here a detailed comparison of
onding in five successive cyanopolyynes is now in h
Fig. 1).

EXPERIMENTAL

A description of our FTM spectrometer and the disch
source used to produce the cyanopolyynes and other c
chains is given elsewhere (6). Briefly, a pulsed superson
molecular beam of an organic precursor vapor heavily dil
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Reactive molecules of many kinds are made by a small
trical discharge in the throat of the supersonic nozzle, pri
expansion of the gas into the large Fabry–Perot cavity o
spectrometer. The optimal production conditions for
present chains are similar to those for other closed-
polyynes (7): a 1500–1800 V low-current gas discharge s
chronized with a 200-ms-long gas pulse, with the best yields
HC9N and HC11N at the higher discharge voltages. At a s
nation pressure behind the pulsed valve of the nozzle of a
3 atm, flows are 15–20 sccm at a pulse rate of 6 Hz.

The lines of the single13C species of all three cyanopolyyn
were readily observed without isotopic enrichment, using
precursor gas a mixture of diacetylene and cyanoacet
(0.5% each) heavily diluted in Ne, the blend which gives
strongest lines of the normal species. An increase in
intensity by a factor of 2 or more was easily achieved wh
small amount (0.12%) of13C-acetylene was added to the m
ture; for speed and convenience, most of the13C measuremen
were made with this enrichment. Lines of HC7

15N and HC9
15N,

only marginally observed in natural abundance, were enha
tenfold in intensity using a mixture of diacetylene (0.5%)
nitrogen (0.25%) enriched to over 99.9% in15N, again diluted
in Ne, a precursor combination found to produce strong lin
HC11

15N (8). For the three deuterated species, fully deuter
iacetylene was used in the diacetylene–cyanoacetylene

ure.
Good predictions for the rotational constants of the isot

pecies studied here were made by scaling rotational con
alculated from the theoretical structures of HC7N (2) and

HC9N (3), and from a structure of HC11N extrapolated from
0022-2852/00 $35.00
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HC9N (see footnote to Table 7), by the ratio of the observe
the predicted rotational constant for the normal isotopic sp
of each cyanopolyyne. For all the singly substituted13C and
15N isotopic lines, measured line frequencies typically a
with those predicted to within a few hundred kilohertz, so
extensive frequency search was not required. Owing to
large zero-point energies of the bending vibrations of
hydrogen atom, frequencies for theD species were less w
predicted by scaling the theoretical geometries, but they
still good to about 1 MHz, allowing rapid and unambigu
detection of most of the lines of this species as well.

Under favorable conditions, hyperfine-split lines of the13C
species of HC7N were observed with a signal-to-noise
nearly 40 in 5 min of integration, while a longer time, abou

FIG. 1. Effective (r 0) structures of the cyanopolyynes (in Å) obtained
Copyright © 2000 by
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min, was required to observe the same lines of HC9N at
comparable signal-to-noise (Fig. 2). For HC11N, integration
times of about 20 min were required to observe the lines o
11 different 13C species with a signal-to-noise of five, wh
with isotopic enrichment was increased to 10–15. It is in
esting to note that with enrichment the line intensities of
singly substituted13C species are nearly equal for a giv
chain, indicating that in our discharge the carbon from
acetylene is randomly shuffled in the assembly of long ch

SPECTROSCOPIC ANALYSIS

Enough rotational transitions of each isotopic species
measured to determine precisely the rotational constantB and

isotopic substitution. Uncertainties (1s) are in the units of the last significant dig
by
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Copyright © 2000 by
the centrifugal distortion constantD of the three cyanopo
yynes by fitting to the data the standard expression fo
otational transitions of a linear molecule,n J3J21 5 2BJ 2

4DJ3, whereJ is the angular momentum quantum number
he upper rotational level, and hfs from the nitrogen nuc
as been neglected. For HC7N and HC9N, where nitroge

quadrupole hfs was resolved in the lowerJ transitions, a
tandard Hamiltonian which included hfs was used for
nalysis. For the 36 isotopic species detected here, the r
ach fit is comparable to the measurement uncertainties o
Hz. Ten transitions were remeasured for normal HC7N (Table

1), and 18 for normal HC9N (Table 2).In all, seven transition
f nine rare isotopic species were measured for HC7N (Table

3), 10 transitions of 11 species of HC9N (Table 4), and 8
transitions of 13 species of HC11N (Table 5).All of the mea-
sured lines lie between 6 and 17 GHz, the frequency
where the rotational transitions of the present molecule
most intense in our cold molecular beam (Trot ; 2.5 K). The
best-fit spectroscopic constants are given in Table 6.

For normal HC7N and HC9N, the rotational and centrifug
distortion constants agree to within the measurement u

ac-
to
ng

Rotational Transitions of Normal HC7N
FIG. 2. Sample spectra of one of the13C isotopic species of each of t
hree cyanopolyynes. (a) The 73 6 transition of HC2

13CC4N after 6 min o
ntegration, showing nitrogen-quadrupole hyperfine structure and the c
eristic double-peaked lineshape that results from the Doppler splitting d
he supersonic expansion of the molecular beam relative to the two tra
aves that compose the confocal mode of the Fabry–Perot. (b) The 203 19

ransition of HC2
13CC6N after 3 min of integration. (c) The 293 28 transition

of HC2
13CC8N after 10 min of integration.
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tainties with previously published values:B 5 564.000746
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0.00016 MHz andD 5 3.821 6 0.087 Hz for HC7N by
Kirby et al. (9), andB 5 290.5183226 0.000057 MHz an

5 0.8746 0.078 Hz for HC9N by Iida et al. (10). Owing
to the strong lines here and the use of an axially orie
molecular beam yielding extremely sharp lines (a FW
typically of 5 kHz), our constants for these two chains are m
than three times as accurate as those previously publishe
Table 6 shows, the quadrupole coupling constants for bot
in good agreement with those found for HC3N and HC5N.

Line misidentifications will quickly poison structural det
minations made by isotopic substitution, so considerable
was taken to avoid them. To assure that each of the many
analyzed was part of a smooth harmonic progression an
none of the nearly 400 isotopic lines in Tables 3–5
misassigned, many more lines in each rotational ladder
measured than strictly speaking are required to determiB
andD. By deviating from the expected harmonic progres
in each ladder, misidentified lines were quickly spotted
eliminated from the data set (very few were in fact enco
tered). Line intensities in a given ladder were shown to be c
to those expected and were shown as well to increas
expected on isotopic enrichment. As required for closed-
molecules such as the cyanopolyynes, the assigned line
hibit no appreciable Zeeman effect when a large perma
magnet is brought near the molecular beam. As a final
onstration of consistency in support of the assignments
note that the centrifugal distortion constants of the isot

3
ted Isotopic Species of HC7N (in MHz)
Rotational Transitions of Normal HC9N

Note.Estimated experimental uncertainties (1s) are
kHz. Observed minus calculated frequencies and

t constants as in Table 1.
Rotational Transitions of the Singly Substitu
Academic Press
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species of a given chain, as required, are all very nearl
same (Table 6).

Although we can therefore be highly confident that there
no misassignments of lines to rotational ladders in Tables
it is important to be certain as well that the ladders are corr
assigned to the various isotopic species. As Fig. 1 show
center of mass (CM) of the cyanopolyynes falls very clos
the central bond of the heavy atom backbone of the mole
As a result, as Fig. 3 shows, all but one of the carbon-13 s
occur in tightly spaced pairs, corresponding to the two ca
atoms at about the same distance from the CM. For the
carbon pairs especially, the splitting inB is comparable to th
uncertainty in thea priori isotope shifts inB. How then can
one determine which rotational ladder corresponds to w
carbon atom? Fortunately, this ambiguity is easily reso
because for all reasonablea priori structures, even ones w
cumulenic double bonds, the CM is displaced from the m
point of the central carbon–carbon bond in the same direc
toward the terminal nitrogen atom. As a consequence, in
pair of rotational ladders in Table 6, the ladder with the hig
B can be assigned without ambiguity to the carbon atom i
corresponding pair which is closest to the nitrogen end o
chain.

STRUCTURAL DETERMINATIONS

For each cyanopolyyne, effective (r 0) structures were dete-
ined from a least-squares fit of all the bonds in the mole

o the measured rotational constants in Table 6, i.e., those
he rare isotopic species plus the normal. It was assume

Rotational Transitions of the Singly Subs

TAB
Rotational Transitions of the Singly Subs
Copyright © 2000 by
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ach molecule is strictly linear. Toward the terminal atoms
onds have been determined to remarkably high accurac
olecules so large, of order 0.001 Å (Fig. 1). Equally rem
ble, the derived bonds agree with those calculatedab initio to
bout the same accuracy (Table 7). Because the rota
onstant of a linear chain is insensitive to isotopic substitu
ear the center of mass, the central bonds are not so accu
etermined, but are still good to about 0.01 Å; these too a
ery satisfactory agreement with theory, or in the cas
C11N, with those predicted by extrapolation from HC9N.

Because substitution structures give even larger uncerta
for the central bond lengths, we have chosen not to report
here.

For the effective structures here, no correction was mad
zero-point vibration. We have treated the rotation–vibra
terms as a source of unknown error, which was estimate
assigning to each rotational constant an uncertainty w
yields a reasonable value forx2 [a value of 2.3 was assigne
the most probablex2 for two degrees of freedom (11)]. The
uncertainty inB was assumed to be the same for each iso
species included in a given fit. The values so derived
DB 5 0.0030 MHz for HC7N, 0.0055 MHz for HC9N, and
0.0085 MHz for HC11N.

It might seem strange that rotational constants which ca
fit to 1025 yield bonds which at best are good to 1023. The
uncertainty in a given bond, however, is highly anticorrel
with that of each adjacent bond, and when this anticorrel
is taken into account in the propagation of errors by mea
the covariance matrix of the fit, it is found that the bes

ted Isotopic Species of HC9N (in MHz)

5
ted Isotopic Species of HC11N (in MHz)
titu
titu
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80 MCCARTHY ET AL.
tional constants to the claimed 10or better, a useful consi-
tency check on the numerical analysis.

DISCUSSION

The present work provides the first empirical evidence
well-defined bond alternation, as predicted by theory, e
throughout a fairly long polyyne chain. There is no evidenc
HC11N, for example, of a tendency of the central bonds to e
out, approaching those of a cumulenic, double-bonded s
ture, as observed for example in the shorter cumulenic c
H2CCC (12) and H2CCCC (13), and predicted for longe
members of that series (14). Presumably, bond alternati

ersists in the limit of the infinite polyyne chain because it

TABLE 6
Spectroscopic Constants of the Isotopic Species of HC7N,

HC9N, and HC11N in (MHz)

Note.Uncertainties (in parentheses) are in the last significant digit.
a eQq5 24.319(1) MHz for HC3N (Ref.16) andeQq5 24.242(30

MHz for HC5N (Ref. 17).
b From Ref. (8).
Copyright © 2000 by
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persists in the polyenes, which are the somewhat similar s
carbon chains with alternating single and double bonds w
structures have been studied extensively by X-ray diffrac
(15).

With instrumental improvements, it may be possible
xtend the present techniques to somewhat longer poly
ay to HC13N and HC15N, but beyond that size reduced sign

to-noise and misidentification of lines are likely to m
progress both tedious and error prone. Polyyne chain
highly unstable, even short ones like diacetylene tendin
explosive polymerization, so X-ray diffraction, requiring de
samples, would not appear to be a viable method of struc
determination.

It is interesting to note in Table 7 how well the empiri
bonds here, derived by neglecting zero point vibration enti
agree with the equilibrium bondsr e calculatedab initio. Zero-
point vibration of the stretching modes will tend to increase
length of a linear chain and lower its rotational constant, w
that of the bending modes in contrast will tend to decreas
length and raise the rotational constant. One wonders if at
chain length the cancellation is complete, and ther 0 and ther e

structures are essentially identical.
Finally, we note that Table 6 provides all the data nee

(the precise rest frequencies) for astronomical searches f
rare isotopic species of the present carbon chains, all thr
which have been found in the normal isotopic species in at
one astronomical source. The best place to look is probab
cold, narrow-line molecular cloud TMC-1 in the Taurus d
clouds, where the width of rotational lines is typically 1 km21

in equivalent radial velocity. The constants in Table 6 allow
the lower rotational transitions of the chains here, thos

FIG. 3. Carbon-13 isotopic shifts of HC11N from two differenta priori
tructures. The isotopic shifts occur in tightly spaced pairs for either acet
r cumulenic bonding since the center of mass is nearly midpoint betwe
entral carbon–carbon bond, but is slightly displaced toward the ter
itrogen atom. The plus (1) signs indicate13C shifts toward the nitrogen si
f the center of mass. Uncertainties are approximately proportional t
agnitude of the frequency shifts.
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major astronomical interest, to be calculated to 0.02–0.2
s21, a small fraction of a linewidth.
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