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The isocyanopolyynes HC 4NC and HC6NC: Microwave spectra
and ab initio calculations
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Rotational spectra of HC4NC and HC6NC, linear molecules of interest to interstellar cloud
chemistry, were recorded by Fourier transform microwave spectroscopy, and the ground state
rotational constants were determined to be 1401.18227~7! and 582.5203~1! MHz. Nitrogen
quadrupole hyperfine structure could be observed for HC4NC. On the basis of coupled cluster
calculations including connected triple substitutions accurate equilibrium structures~uncertainty in
bond lengths ca. 0.0005 A˚ ! could be established for both species. The equilibrium dipole moments,
predicted to be23.25 and23.49 D for HC4NC and HC6NC, respectively, exhibit large correlation
effects of 30% and 33%. ©1998 American Institute of Physics.@S0021-9606~98!01032-0#
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I. INTRODUCTION

While the cyanopolyynes (HC2n11N) are known inter-
stellar molecules up ton551 and have been spectroscop
cally investigated up ton58,2 rather little is known about
the corresponding isocyanopolyynes (HC2nNC). Only isocy-
anoacetylene (HC2NC) has so far been studied by vario
spectroscopic techniques and by radioastronomy. Follow
an accurate prediction of its equilibrium rotational const
of Be54964 MHz by Botschwina and Sebald in 1983,3 the
first microwave spectrum of HC2NC was reported in 1991 by
Krüger et al.4 and the ground-state rotational constant w
determined to beB054967.8370(3) MHz. On the basis o
the laboratory measurements, already available interst
lines could be readily assigned to rotational transitions
HC2NC.5 The microwave and millimeter-wave work o
HC2NC isotopomers was considerably extended in la
work,6–8 and photoelectron spectra9 and high-resolution in-
frared spectra10 could be recorded.

The present paper is devoted to a joint experimen
theoretical study of the next members of the isocyano
lyyne series, HC4NC and HC6NC. The experimental work
makes use of Fourier transform microwave~FTM! spectros-
copy and was carried out at Harvard. It should provide va
able information for forthcoming investigations of the tw
species in the interstellar medium by means of radio
tronomy. Ab initio calculations were carried out at Go¨ttin-
gen. The theoretical study on HC4NC represents a conside
able extension over our previous work on this species.11 To
the authors’ knowledge, no high-qualityab initio calcula-
tions have yet been published for HC6NC.

II. EXPERIMENT

The rotational spectra of the isocyanopolyynes HC4NC
and HC6NC were detected in a supersonic molecular be

a!Electronic mail: pbotsch@gfwdg.de
3100021-9606/98/109(8)/3108/8/$15.00
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by FTM spectroscopy.12 The conditions for optimal produc
tion of these carbon chains were nearly identical to those
yield the strongest lines of the cyanopolyynes:2 a low-current
dc discharge~1200 V! synchronized with a 210ms long gas
pulse at a total pressure behind the nozzle of 2 atm. Altho
a dilute gas sample of methylcyanoacetylene (CH3CCCN)
and diacetylene~HC4H, 1% each! in Ne was used for mos
of the experiments, lines of HC4NC and HC6NC were also
produced with nearly equal intensity with 1% cyanoace
lene (HC3N) in Ne and two other mixtures: one of diacet
lene and cyanogen~C2N2, 1% each! in Ne, the other of di-
acetylene and cyanoacetylene~1% each! in Ne.

The two new chains were detected with the same se
tive reactive molecule FTM spectrometer13 recently used to
detect the rotational transitions of HC15N, HC17N,2 and a
number of other long carbon chains and ring chains.14 Since
its construction two years ago, several improvements h
been made to this spectrometer, which increases its dete
sensitivity by about a factor of 5. These include increas
the duty cycle of the molecular beam source by improv
the pumping speed of the system, better coupling betw
the Fabry–Perot and the first stage of amplifier of the
ceiver, and cooling the cavity mirrors of the Fabry–Perot a
first-stage amplifier to 77 K.15

Under optimized experimental conditions, the intensit
of the strongest lines of HC4NC and HC6NC are about 200
and 400 times weaker, respectively, than those of their m
stable counterparts, the cyanopolyynes HC5N and HC7N.
HC4NC is approximately 20 times stronger than HC6NC un-
der those conditions, nearly the same decrement in line
tensity as observed on ascending the cyanopolyyne se
from HC5N to HC7N. Strong lines of HC4NC were easily
observed in a few minutes of integration, but proportiona
longer integrations were required to achieve comparable
nals for HC6NC, e.g., about 20 min to achieve a signal
noise of 10–20. No attempt was made to detect the n
8 © 1998 American Institute of Physics
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member in the series, HC8NC, since currently many hours o
integration would be required to observe its faint rotatio
lines if the same intensity decrement continues bey
HC6NC. With modest improvements in production ef
ciency or sensitivity, however, this chain should be with
reach. Little frequency search is probably required: the ro
tional constant predicted from theoretical calculations or
timated from extrapolations from the shorter members of
series is only uncertain to the order of60.01%.

III. DATA AND ANALYSIS

The observed rotational transitions are shown in Fig
the measured laboratory frequencies between 8 and 20
are given in Tables I and II, and typical lines are shown
Fig. 2. For both molecules, the rotational and leading c
trifugal distortion constants were determined by fitting t

FIG. 1. Lower rotational levels of HC4NC and HC6NC. Arrows indicate the
rotational transitions measured.

TABLE I. Measured rotational transitions of HC4NC.

Frequencya

~MHz!
O–Cb

~kHz! J8–J F8–F

8407.078 0 3–2 4–3
8407.090 0 3–2
8407.138 0 2–1

11 209.442 0 4–3 5–4
11 209.450 1 4–3
11 209.468 22 3–2
14 011.800 0 5–4 6–5
14 011.806 0 5–4
14 011.819 2 4–3
16 814.153 21 6–5 7–6
16 814.157 21 6–5
16 814.166 1 5–4
19 616.502 0 7–6 8–7
19 616.504 21 7–6
19 616.510 0 6–5

aExperimental uncertainties~1s! are 1 kHz.
bObserved frequency minus that calculated from the least-squares fit. Be
constants are given in Table III.
Downloaded 01 Feb 2005 to 128.103.60.225. Redistribution subject to AI
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FIG. 2. Sample spectra of the two new isocyanopolyynes.~Upper! J54
→3 transition of HC4NC with resolved quadrupole hyperfine structure, a
~lower! the J515→14 transition of HC6NC. The observed lines are th
result of 2 and 10 min of integration, respectively. Although hyperfine str
ture is not resolved in HC6NC owing to the high-J transitions that were
measured, the lines are broadened by nearly a factor of 2 beyond the 5
instrumental linewidth. The double-peaked line profile is instrumental
origin—the Doppler splitting that results when a Mach 2 axial molecu
beam interacts with the standing wave in the confocal Fabry–Perot cavi
the spectrometer.

fit

TABLE II. Measured rotational transitions of HC6NC.

Frequencya

~MHz!
O–Cb

~kHz! J8–J

10 485.350 0 9–8
11 650.385 1 10–9
12 815.420 2 11–10
13 980.447 23 12–11
15 145.480 0 13–12
16 310.508 21 14–13
17 475.538 2 15–14

aExperimental uncertainties~1s! are 2 kHz.
bObserved frequency minus that calculated from the least-squares fit. Be
constants are given in Table III.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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standard expression for the rotation transition frequencie
a closed-shell linear molecule with quadrupole hyperfi
structure~hfs! to the data. As Table III shows, only thre
constants~B, D, andeQq! were required to fit the HC4NC
data to a rms of less than 2 kHz—one-quarter of the ins
mental linewidth, and to the same accuracy HC6NC was fit
with only two, because hfs was not resolved.

The identifications of the two new isocyanopolyynes a
quite certain. The rotational constant for HC4NC of
B051401.182 27(7) MHz agrees with the previous theor
ical prediction of 140167 MHz,11 which was based on cal
culations within the coupled electron pair approximatio
version 1~CEPA-1!. Likewise, the predicted quartic centrifu
gal distortion constant ofD053361 Hz ~note the typo-
graphical error in Ref. 11! compares well with the presen
experimental value of 34.3~9! MHz. Additional support for
the correctness of the assignments comes from the exte
ab initio calculations from this work~see below!. For both
HC4NC and HC6NC, the centrifugal distortion constant,
sensitive measure of size and geometry, is within 10% of
calculated on the assumption that carbon chains behav
classical elastic rods with a Young’s modulus independen
length14 ~this model yields anL27 dependence forD and an
L24 dependence forD/B!. In addition, the identifications
pass several standard tests for isocyanopolyynes:~i! The
molecules were produced under similar experimental co
tions to those that optimize both lines of the shorter mem
of the series, HC2NC, and their isomers HC5N and HC7N,
~ii ! they were produced in discharges with different gas m
tures, indicating that the assigned lines do not arise from
impurity, ~iii ! and hfs was observed in the lighter of the tw
new molecules, indicating a nitrogen-containing species;
magnitude and sign of the quadrupole coupling cons
eqQ is close to the value measured in HC2NC.7,8,16 As pre-
dicted, the lines we detect also have no appreciable Zee
effect when a large permanent magnet is brought near
molecular beam, and they are nearly harmonically related
integer quantum members. The absence of lines at sub
monic frequencies rules out larger linear molecules.

Although nitrogen hfs is not observed for HC6NC, its
rotational lines are broadened beyond the intrinsic ins
mental 5 kHz linewidth~FWHM!. The HC6NC linewidths
are approximately 8 kHz, or nearly twice the linewidth e
pected from the time of flight of the molecules through t
cavity of our spectrometer. If this additional broadening
due to nitrogen hfs, as expected, we estimateueQqu
<1 MHz, a value consistent with the quadrupole coupli
constant of either HCCNC or HC4NC.

IV. DETAILS OF AB INITIO CALCULATIONS

Following our earlier work on HC5N
17 and HC7N,18 we

make use mainly of coupled cluster theory in a rather ext
sive theoretical investigation of HC4NC and HC6NC. The
highest level employed corresponds to CCSD~T!19 and
CCSD-T.20 These variants involve an iterative treatment
the effects of single and double excitation operat
~CCSD21!, and include the effects of connected triple subs
tutions by means of perturbation theory. Throughout, all
lence electrons are correlated in the calculations that w
Downloaded 01 Feb 2005 to 128.103.60.225. Redistribution subject to AI
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carried out with theMOLPRO suite of programs.22,23 We
mostly employ Dunning’s correlation consistent polariz
valence triple-zeta~cc-pVTZ! basis set,24 which comprises
194 contracted Gaussian-type orbitals~cGTOs! for HC4NC
and 254 cGTOs for HC6NC. In the calculation of equilib-
rium electric dipole moments, even larger basis sets h
been employed. They involve diffuse functions from t
‘‘augmented’’ basis set of the Dunning group.25 In the post-
Hartree–Fock calculations, electric dipole moments are
culated as energy derivatives, e.g., first derivatives of
total energy with respect to the strength of a uniform elec
field at zero field strength.

Equilibrium geometries for HC4NC and HC6NC have
been calculated by five different methods: Hartree–Fo
self-consistent field~SCF!, second-order perturbation theor
according to Mo” ller and Plesset~MP2!, CCSD, CCSD-T,
and CCSD~T!. According to our experience, the errors
CCSD-T and CCSD~T! calculations in the equilibrium geo

FIG. 3. CNC and CCN bending potentials for isocyanopolyynes and cy
opolyynes, respectively@CCSD~T!/cc-pVTZ results#.

TABLE III. Spectroscopic constants of HC4NC and HC6NC ~in MHz!. Un-
certainties~in parentheses! are 1s in the last significant digit.

Constant

HC4NC HC6NC

Measured Expected Measured Expecte

B 1401.182 27~7! 1401a 582.5203~1! 582.4b

DJ3106 34.3~9! 33a 5.4~3! 4.2c

eqQ 0.96~2! 0.95c ,1.00 0.95d

aReference 11.
bThis work ~see the text!.
cScaled from the shorter members of the series.
dFrom HC2NC; see Ref. 16.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE IV. Calculated equilibrium bond lengths~in Å!, equilibrium rotational constants, total energies, and equilibrium isomerization energies for HC4NC.

Method
r e

CH
R1e

C~1!C~2!

R2e

C~2!C~3!

R3e

C~3!C~4!

R4e

C~4!N
R5e

NC~5!

Be

~MHz!
Ve

(Eh)
D Ee

~kJ/mol!

CEPA-1a 1.0612 1.2120 1.3757 1.2116 1.3174 1.1867 1387.1 116
corr.a 1.0616 1.2086 1.3664 1.2082 1.3087 1.1812 1400.7
SCFb 1.0540 1.1827 1.3816 1.1798 1.3105 1.1535 1425.1 2244.277 116 90.0
MP2b 1.0625 1.2205 1.3613 1.2219 1.3071 1.1903 1389.9 2245.185 380 136.1
CCSDb 1.0623 1.2067 1.3775 1.2056 1.3162 1.1782 1394.3 2245.188 857 112.6
CCSD-Tb 1.0642 1.2150 1.3732 1.2153 1.3141 1.1875 1386.7 2245.243 889 115.6
CCSD~T!b 1.0642 1.2153 1.3733 1.2156 1.3142 1.1880 1386.1 2245.244 905 115.8
corr.b 1.0624 1.2089 1.3673 1.2092 1.3082 1.1815 1399.7

aReference 11.
bBasis set: cc-pVTZ~194 cGTOs!.
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metrical parameters are quite systematic, and prediction
high accuracy~ca.0.0005 Å in equilibrium bond lengths! are
feasible on their basis. In this work, we apply the followin
corrections to the CCSD~T! equilibrium bond lengths: the
CH equilibrium bond lengths are reduced by 0.0018 Å,
shorter~acetylenic! CC bond lengths by 0.0064 Å, the long
ones by 0.0060 Å, the CN bonds also by 0.0060 Å, and
isocyanide~NC! bond lengths by 0.0065 Å. The correction
for the first three types of bonds are identical to those e
ployed in our earlier work on HC5N

17 and HC7N.18 The cor-
rections for the CN and NC bonds are taken over fr
HC2NC, for which an accurate equilibrium structure was e
tablished through a combination of experimental and theo
ical data.26 The CCSD~T!/cc-pVTZ equilibrium structure of
HC2NC has been newly calculated.

A complete CCSD~T! cubic force field was calculate
for HC4NC, thereby enabling the calculation of vibration
rotation coupling constants by standard second-order pe
bation theory in normal coordinate space. Therefrom, we
the differencesB02Be , which allow for accurate prediction
of B0 values for experimentally unknown isotopic species

V. RESULTS OF AB INITIO CALCULATIONS

A. HC4NC

All five methods employed @SCF, MP2, CCSD,
CCSD-T, and CCSD~T!# yield a linear equilibrium structure
for HC4NC. The calculated equilibrium bond lengths a
listed in Table IV along with a corrected equilibrium stru
ture ~see Sec. IV! and our earlier predictions.11 The present
corrected equilibrium bond lengths are in very good agr
ment with our previous corrected values,11 which were based
on the results of CEPA-1 calculations. The largest deviat
from the present predictions is only 0.0010 Å and the me
deviation is 0.0006 Å. The present corrected equilibrium
ometry yields an equilibrium rotational constant ofBe

51399.7 MHz, 1.5 MHz below the experimentalB0 value
~see Table III!. A very similar difference of 1.2 MHz was
obtained in our earlier study of HC5N.17

According to the present CCSD~T! calculations, the en-
ergy minimum of HC4NC lies higher by 115.8 kJ mol21

compared to HC5N. Practically, the same value was obtain
in our earlier CEPA-1 calculations.11 While SCF underesti-
mates the equilibrium isomerization energyDEe by
26 kJ mol21, MP2 yields too high a value by 20 kJ mol21.
Downloaded 01 Feb 2005 to 128.103.60.225. Redistribution subject to AI
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The influence of connected triple substitutions onDEe is
minor and amounts to only 3 kJ mol21. Within the harmonic
approximation, the CCSD~T! zero-point energies of HC5N
and HC4NC are 94.9 and 92.9 kJ mol21, so that the energy
difference at 0 K is 113.8 kJ mol21.

We have calculated a complete cubic force field
HC4NC at the CCSD~T! level with the cc-pVTZ basis set
The number of terms is too large to be presented her
deposit will be made with the electronic Physics Auxilia
Publication Service.27 The CCSD~T! cubic force field has
been employed in the calculation of various spectrosco
constants of HC4NC, which are listed in Table V. The har
monic vibrational wavenumbers higher than 1000 cm21

should be accurate to ca. 0.5%, the smaller ones to 5 cm21.
Variational calculations of stretching vibrational transitio
and their IR intensities have been previously carried ou
the CEPA-1 level,11 and then1 , n3 , andn4 bands of HC4NC
were found to be strongest. The CEPA-1 harmonic bend
vibrational wavenumbers differ from the present CCSD~T!
values by less than 20 cm21.

The calculated vibration–rotation coupling constantsa r

are of particular interest to the present work. They are
pected to be accurate to better than 10%. Analogous ca
lations for the more stable isomer HC5N

28 yielded very good
agreement with all currently available experimental da
From the calculateda r values for HC4NC, we may calculate
an approximate value for the differenceB02Be via the for-
mula

TABLE V. CCSD~T! spectroscopic constants of HC4NC.a

v1 3453 a1 1.03 q7
e 0.206

v2 2321 a2 5.11 q8
e 0.344

v3 2163 a3 3.26 q9
e 0.376

v4 2055 a4 2.45 q10
e 0.564

v5 1202 a5 3.33 q11
e 1.162

v6 626 a6 1.26 q7
J 0.090

v7 639 a7 20.52 q8
J 20.043

v8 463 a8 22.17 q9
J 20.057

v9 407 a9 21.94 q10
J 20.212

v10 242 a10 22.42 q11
J 20.950

v11 114 a11 22.64 De 29.53

a194 cGTOs, valence electrons correlated. Harmonic vibrational waven
bers in cm21, vibration–rotation coupling constants in MHz, 1-type do
bling constantsqt

e in MHz, qt
J in Hz, equilibrium centrifugal distortion

constant in Hz.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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B02Be'2(
i

a i

di

2
, ~1!

wheredi is the degeneracy factor of vibrational modei ~1 for
stretching and 2 for bending modes!. The resulting difference
is 1.48 MHz. Adding it to theBe value of the cor-
rected equilibrium structure~Table IV!, we arrive atB0

51401.20 MHz, in excellent agreement with the present
perimental value. This is a clear indication for the quality
the underlying corrected equilibrium structure.

The calculatedl-type doubling constantsqt
e should be

accurate to ca. 5%. Again, the analogous CCSD~T! values
for HC5N

17 agree very well with the available experiment
values. An accuracy ofca. 10% is expected for the much
smaller constantsqt

J , which describe the dependence ofl-
type doubling on the rotational quantum numberJ. The con-
vention of Watson29 is employed in their definition, which
differs in sign from that used by most experimentalists.

The CCSD~T! value for the quartic equilibrium centrifu
gal distortion constantDe is 29.5 Hz. A more accurateDe

value, termedDe(corr.), may be obtained by combining th
corrected equilibrium geometry with the CCSD~T! quadratic
stretching force constants. The resulting value ofDe(corr.)
530.4 Hz should be accurate to 1%. The ra
D0(exp.)/De(corr.) of 1.13 appears to be somewhat hi
since, according to the presentab initio calculations, HC4NC
appears to be a rather well-behaved semirigid molecule
has to be noted that the experimentalD0 value has a rela-
tively large error~see Table III!. 3s, which is a realistic
measure of the uncertainty of the measurements—system
errors not being taken into account—is as large as 2.7
Therefore, a more accurate prediction ofD0(HC4NC) should
be possible by a suitable scaling procedure. In this wo
three different procedures are employed. The first one ma
use of a scaling factor taken over from HC2NC, which
amounts to 1.059. In this way we arrive at aD0 prediction of
32.2 Hz. A second scaling factor is obtained by comparis
of the experimentalD0 value for HC5N

30 and De(corr.)
527.9 Hz from our recent theoretical work.17,28 The scaling
factor is now 1.079 so thatD0(HC4NC)532.8 Hz results.
We may also make use of the very recent experimentalD0

value for NC3NC,31 which has a slightly more shallow CNC
bending potential than HC4NC. This yields D0(HC4NC)
Downloaded 01 Feb 2005 to 128.103.60.225. Redistribution subject to AI
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533.0 Hz, which is probably our most reliable predictio
Its uncertainty is believed to be smaller than 3%.

We may make use of the present accurate equilibri
structure, the calculated vibration–rotation coupling co
stants@via Eq. ~1!# and the experimentalB0 value for the
most abundant species in order to arrive at rather accuratB0

predictions for the less abundant isotopomers~* !. They are
calculated according to the formula

B0* 5S Be* 2(
i

a i*
di

2 D •F, ~2!

where the scaling factorF has a value of 0.999 986 7.B0

predictions for seven different isotopomers of HC4NC are
listed in Table VI. According to our recent experience wi
NC3NC,31 the B0 values for13C and15N substituted species
should be accurate to ca. 0.005 MHz. TheB0 value for
DC4NC may be somewhat less precise.

Calculated equilibrium dipole moments for HC4NC are
listed in Table VII. A variety of basis sets is employed whic
range in size from 147 to 299 cGTOs. Throughout, the c
culations are carried out at the recommended equilibri
geometry from this work. The basis set dependence is ra
minor. On the other hand, electron correlation effects play
important role. The CCSD~T! value obtained with the larges
basis is larger than the corresponding SCF value by as m
as 0.747 D or 30%. The former value of23.253 D should be
accurate to 0.01 D. It differs from our previous CEPA
value11 by 2%. MP2 significantly overestimates the corre
tion effect.

B. HC6NC

Calculated equilibrium bond lengths for HC6NC are
listed in Table VIII. Again, the corrected values should

TABLE VI. B0 predictions for less abundant isotopomers of HC4NC.

Isotopomer B0 ~MHz! Isotopomer B0 ~MHz!

DCCCCNC 1336.050 HCCC13CNC 1399.620
H13CCCCNC 1364.012 HCCCC15NC 1386.906
HC13CCCNC 1386.825 HCCCCN13C 1364.691
HCC13CCNC 1399.886
ention
TABLE VII. Equilibrium dipole moment~in D! of HC4NC.a

Method 147 cGTOsb 194 cGTOsc 205 cGTOsd 247 cGTOse 299 cGTOsf

SCF 22.559 22.521 22.534 22.506 22.506
MP2 23.600 23.581 23.608 23.609 23.601
CCSD 23.137 23.113 23.150 23.141 23.133
CCSD-T 23.244 23.224 23.263 23.259 23.250
CCSD~T! 23.246 23.226 23.265 23.262 23.253

aAll calculations are carried out at the recommended equilibrium structure from this work. The sign conv
is such that the negative end of the dipole is located at the terminal carbon site.

bThe cc-pVTZ basis exclusive off functions at C and N and ofd functions at H.
cFull cc-pVTZ basis.
dThe s,p,d ~C,N! ands,p ~H!: aug-cc-pVTZ.
eFull cc-pVTZ basis for C and N plus diffuse (s,p,d) functions from an aug-cc-pVTZ set; basis for H; (s,p)
from an aug-cc-pVTZ set.

fFull aug-cc-pVTZ basis.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE VIII. Calculated equilibrium bond lengths~in Å!, equilibrium rotational constants, total energies, and equilibrium isomerization energies for HC6NC.a

Method
r e

~CH!
R1e

C~1!C~2!

R2e

C~2!C~3!

R3e

C~3!C~4!

R4e

C~4!C~5!

R5e

C~5!C~6!

R6e

C~6!N
R7e

NC~7!

Be

~MHz!
Ve

(Eh)
D Ee

~kJ/mol!

SCF 1.0548 1.1806 1.3744 1.1835 1.3703 1.1792 1.3093 1.1516 593.42319.981 379 88.5
MP2 1.0628 1.2215 1.3593 1.2302 1.3529 1.2238 1.3056 1.1908 577.92321.182 948 136.6
CCSD 1.0629 1.2078 1.3746 1.2121 1.3704 1.2071 1.3148 1.1788 579.22321.180 029 112.0
CCSD-T 1.0646 1.2162 1.3713 1.2225 1.3661 1.2171 1.3126 1.1883 576.12321.254 877 114.8
CCSD~T! 1.0646 1.2165 1.3714 1.2228 1.3663 1.2174 1.3127 1.1887 575.92321.256 199 115.0
corr. 1.0628 1.2101 1.3654 1.2164 1.3603 1.2110 1.3067 1.1822 581.5

aBasis set: cc-pVTZ~254 cGTOs!.
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accurate toca. 0.0005 Å and will be taken as reference va
ues in the following discussion. The distancesr e and R1e

2R4e differ only marginally from those of HC7N.18 A
slightly larger difference of 0.0037 Å is observed forR5e .
The CN and NC equilibrium bond lengths show differenc
of 20.0072 and 0.0028 Å from those of the mixe
experimental/theoretical structure for HC2NC.26 The equilib-
rium rotational constant of HC6NC as calculated from the
recommended equilibrium structure isBe5581.5 MHz. It is
smaller than the experimentalB0 value~see Table III! by 1.0
MHz. A very similar difference of 0.9 MHz was recentl
obtained for HC7N.18 The latter value was used in aB0 pre-
diction for HC6NC of 582.460.5 MHz which proved to be
useful in the assignment of the microwave lines.

According to the present CCSD-T and CCSD~T! calcu-
lations, the HC6NC isomer has its minimum on the commo
potential energy hypersurface at an energy 115 kJ mo21

higher than HC7N. Electron correlation effects make u
26.5 kJ mol21 of this difference. It is overestimated b
22 kJ mol21 when electron correlation is taken into accou
by MP2.

For economical reasons, the vibrations of HC6NC have
been treated within the harmonic approximation. T
CCSD~T! harmonic stretching vibrational wavenumbers~in
cm21! are 3454, 2312, 2262, 2122, 2057, 1307, 930, a
470. The corresponding values for HC7N

18 are 3453, 2304,
2260, 2181, 2081, 1285, 900, and 463.

Since CCSD~T! calculations with the cc-pVTZ basis se
for bent nuclear configurations of HC6NC are rather time
consuming, we have employed a mixed procedure wher
the diagonal quadratic bending force constants are calcul
by CCSD~T! and the less important off-diagonal terms
MP2. In both cases the CCSD~T! equilibrium structure is
taken as the reference geometry for the calculation of
bending force constants. The results are given in Tables
and X. The former table also contains values obtained
SCF, CCSD, and CCSD-T. Comparable data for HC7N are
given in Ref. 18. As expected, the most significant differen
between HC6NC and HC7N is in the bending potentialV(h)
which describes either CNC or CCN bending.V(h) is con-
siderably more shallow in HC6NC. As is illustrated in Fig. 3,
the CCSD~T! CNC bending potentials are very similar in th
series of the isocyanopolyynes HC2nNC (n51 – 3). A simi-
lar situation holds for the steeper CCN bending potentials
the cyanopolyynes. Our calculations for bent nuclear c
figurations of both isocyanopolyynes and cyanopolyynes
not indicative of any unusual anharmonicity effects on
Downloaded 01 Feb 2005 to 128.103.60.225. Redistribution subject to AI
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vibrational states, and we believe that both species beh
like usual semirigid linear molecules.

The harmonic bending vibrational wavenumbers
HC6NC, as obtained by the combination of diagon
CCSD~T! and off-diagonal MP2 force constants are~in
cm21!: 631, 503, 458, 403, 262, 163, and 64. The cor
sponding values for HC7N ~see Table 8 of Ref. 18! are 650,
522, 503, 450, 280, 163, and 62.

Due to the similarity of the vibrational modes, the ha
monic approximation should yield high accuracy for the d
ference in the zero-point vibrational energies of the two i
mers. It is as small as 1.8 kJ mol21 and is thus of little
significance.

The CCSD~T! quartic centrifugal distortion constant fo
HC6NC is 3.78 Hz; the corresponding value obtained w
the corrected equilibrium geometry isDe(corr.)53.89 Hz.
In an analogous way, aDe(corr.) value of 3.65 Hz is ob-
tained for HC7N. The ratioD0(exp.)/De(corr.) for the more
stable isomer is thus 1.047, taking the experimental value
D0(HC7N)53.82160.087 Hz from the work of Kirby,
Kroto, and Walton.32 The appropriate scaling factor fo
HC6NC may be somewhat higher but it is improbable tha
significantly exceeds 1.10. Our recommendation
D0(HC6NC) is thus 4.260.1 Hz. It is slightly outside three
times the standard deviation of the present experime
value ~cf. Table III!.

Calculated equilibrium dipole momentsme for HC6NC
are listed in Table XI. Four different basis sets are employ
The largest one, which comprises 330 cGTOs, is very fl
ible and, at the CCSD-T or CCSD~T! level of theory, should
yield me values accurate toca. 0.01 D. Electron correlation
effects make a very substantial contribution tome of 43%.
Again, MP2 yields a relatively poor value forme .

VI. DISCUSSION

We have estimated the abundances of HC4NC and
HC6NC in our molecular beam, and the detection limit th
we can achieve with our FTM spectrometer. The largest
certainty is in the estimation of the divergence of the sup
sonic expansion, and thus the fraction of molecules in
beam waist~the distance from the center of the cavity to t
1/e points of the field strength! of the confocal mode in the
Fabry–Perot cavity. From model calculations, this fraction
probably uncertain to a factor of at least 2. Correcting
line intensities for the rotational partition function and dipo
moments probably contributes an additional factor of 2 u
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE IX. Diagonal quadratic bending force constants for HC6NCa ~in a.u.!.

Force constantb SCF MP2 CCSD CCSD-T CCSD~T!

a2 0.036 497 0.025 233 0.027 372 0.025 128 0.025 1
b2 0.048 173 0.041 523 0.041 447 0.040 154 0.040 1
g2 0.046 906 0.039 089 0.040 266 0.038 243 0.038 2
d2 0.045 494 0.036 516 0.038 208 0.036 318 0.036 2
e2 0.045 496 0.040 038 0.039 694 0.038 060 0.038 0
z2 0.050 982 0.034 701 0.039 039 0.035 874 0.035 8
h2 0.021 470 0.027 652 0.023 350 0.023 791 0.023 7

aEvaluated around the CCSD~T! equilibrium geometry. Basis set: cc-pVTZ~254 cGTOs!.
bNotationa2 corresponds to

1
2(]2V/]a2)ref , wherea is the HCC angle.
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certainty. Based on measurements of the intensities of
rare isotopic species of OCS and HC3N ~e.g., 18OC34S,
HC3

15N, etc.! in a dilute sample of HC3N in Ar and a cali-
brated sample of dilute OCS in Ar, we estimate that there
<731010 HC4NC and<231010 HC6NC molecules per gas
pulse in our molecular beam, the upper limit calculated
the assumption that all the molecules are in the beam w
if the fraction is closer to 0.1, as we estimate, each of th
limits should be reduced by an order of magnitude.

The minimum OCS abundance that can be detected
our FTM spectrometer is<33109 molecules per gas pulse
assuming 3 h of integration, the fraction of molecules in th
beam waist is unity, and the rotational temperature is 2.5
at whichTrot one-third of the rotational population is in th
J50 level. At 10 GHz, the beam waist is about 6 cm, whi
corresponds to an active volume of about 1000 cm3, or a
number density of<33106 OCS molecules/cm3 in the cen-
ter of the Fabry–Perot cavity during a pulse. Near the thr
of the supersonic expansion where the number density
proaches 109 molecules/cm3, the two new isocyanopolyyne
and many of our other new carbon chains might be dete
by modern laser techniques, such as laser-induced fluo
cence for transitions that fluoresce, or resonant-enhan
ionization multiphoton ionization for those that do not, sin
the threshold for laser detection by either technique is sev
orders of magnitude lower than FTM spectroscopy, typica
105 cm23 or less.33

The detection of HC4NC and HC6NC demonstrates tha
it is possible to observe fairly energetic isomers of long c

TABLE X. MP2 Off-diagonal quadratic bending force constants f
HC6NC.a

Force constant Value~a.u.! Force constant Value~a.u.!

ab 0.022 35 gd 0.023 40
ag 20.002 85 ge 20.004 86
ad 20.001 10 gz 20.001 99
ae 20.000 23 gh 0.000 01
az 0.000 09 de 0.001 50
ah 20.000 04 dz 20.003 72
bg 20.000 64 dh 20.000 01
bd 20.004 74 ez 0.029 84
be 0.001 24 eh 20.002 30
bz 0.000 25 zh 0.004 60
bh 0.000 01

aEvaluated around the CCSD~T! equilibrium geometry. Basis set: cc-pVTZ
~254 cGTOs!.
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bon chains. Although these isocyanopolyynes are calcula
to be 114 kJ mol21 less stable than HC5N and HC7N, they
are evidently produced in our laboratory discharges in su
cient abundance to be observed by FTM spectroscopy. W
the production techniques we have developed, other isom
including other linear structures, or even nonlinear ones, m
be detectable with our present spectrometer. In a closely
lated series, the CnN radicals, for example, recent theoretic
calculations by Bettinger and Schleyer34 conclude that
monocyclic c-C9N is only about 100 kJ mol21 less stable
than linear C9N, the implication being that at modest cha
lengths fairly energetic molecular isomers with exotic ge
metric structures may be observable. With increasing ch
length, monocyclic rings or other ring isomers may ev
compete with the linear form for the ground state, since
yond a critical size range the stability of forming an add
tional bond is greater than that lost from ring strain.

The two isocyanopolyynes here are both candidates
astronomical detection, because the first two members of
series~HNC and HC2NC! have already been observed in th
rich molecular cloud TMC-1, one of the best carbon cha
sources so far discovered. HC4NC and HC6NC also have
large equilibrium dipole moments~23.25 and23.49 D, re-
spectively, for HC4NC and HC6NC!, making them easier to
detect than long carbon molecules. In TMC-1, if the intens
decrement on ascending the cyanopolyyne series holds
the isocyanopolyynes, lines of HC4NC should be detectable
at the 10 mK level because HC2NC (T'500 mK) is strong
there.5 With the spectroscopic constants in Table III, the a
tronomically most interesting lines of both chains can n

TABLE XI. Equilibrium dipole moment~in D! of HC6NC.a

Method 193 cGTOsb 254 cGTOsc 269 cGTOsd 330 cGTOse

SCF 22.683 22.636 22.651 22.620
MP2 23.902 23.879 23.905 23.895
CCSD 23.343 23.314 23.354 23.336
CCSD-T 23.482 23.456 23.497 23.483
CCSD~T! 23.482 23.459 23.501 23.487

aAll calculations are carried out at the recommended equilibrium struc
from this work.

bThe cc-pVTZ basis exclusive off functions at C and N and ofd functions
at H.

cFull cc-pVTZ basis.
dThe s,p,d ~C,N! ands,p ~H!; aug-cc-pVTZ.
eFull cc-pVTZ basis for C and N plus diffuse (s,p,d) functions from the
aug-cc-pVTZ set; basis for H: (s,p) from the aug-cc-pVTZ set.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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be predicted to high precision~better than 1 km s21 in
equivalent radial velocity!, allowing astronomical searches
be conducted with confidence. Astronomical detection
molecular isomers longer than HC3N would be useful, both
to provide additional tests of chemical processes in space
the importance of specific ion–molecule reactions in the f
mation mechanisms of cyano- and isocyanopolyynes.35
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