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High-Resolution Spectroscopic Measurements of the ν5 Bending
Vibration–Rotation Band of HCCN in its X̃3Σ− State at 129 cm−1
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The HCCN radical is known to be a quasi-linear molecule in its ground triplet state (36− in the linear configuration).
Vibration–rotation transitions in the HCC bending (ν5) fundamental band have been detected around 129 cm−1 by the technique
of far-infrared laser magnetic resonance (FIR LMR). Four FIR laser lines were used to record a total of 530 resonances. The
observed transitions can be regarded equivalently asKa = 1← 0 transitions of a bent molecule or asl5 = 1← 0 transitions
of a linear molecule. The LMR data, combined with previous measurements on this molecule at microwave and submillimeter
wavelengths, have been used to determine parameters of an asymmetric rotor Hamiltonian. Theν5 band origin has been determined
more accurately as 128.907 968 7 (40) cm−1. In addition, it has been possible to characterize the electron spin splittings in the
Ka = 1 levels more reliably. Both1H and14N hyperfine splittings have been observed for theKa = 1 levels for the first time;
they show that the nuclear spin–electron spin dipolar interactions are markedly noncylindrical. Values for the electron spin and
rotationalg-factors (gααs andgααr ) have also been determined.C© 2001 Academic Press

Key Words:FIR LMR; bending vibration–rotation transitions; quasilinear.
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INTRODUCTION

The HCCN radical has been the subject of numerous in
tigations both experimentally (1–16) and theoretically (16–27).
This is, in part, due to the initial disagreement between exp
ment and theory over the structure and geometry of the mole
It has also been detected in the circumstellar envelope of the
type carbon star IRC+ 10216 and in the giant molecular clou
Sgr B2 and Orion A (28). The HCCN radical was first observe
by Bernheimet al. (1–3). By measuring its EPR spectrum
a glassy solution at 77 K, they determined the electron s
spin constants and concluded that the radical had a linear t
ground state. Two early theoretical calculations by Hoffma
et al. (17) and Harrisonet al. (18) supported the conclusio
of a linear triplet ground state, but they were carried out w
limited sized basis sets. All subsequent theoretical inves
tions, using larger basis sets and higher level of theory, h
concluded that the HCCN radical has a bent triplet ground s
with a low barrier to linearity (16,19–27). However, depend
ing on the basis set and level of theory used there is still s
controversy as to whether HCCN has a carbene (H–C̈–C≡N) or
“allenic-like” (H–Ċ==C==Ṅ) structure. In 1984 the ground sta
of HCCN was characterized by Saitoet al. (8), who measured
several low-J rotational transitions by microwave spectrosco
They saw no deviation in the spectrum from the expectation
a linear molecule in a6 state and so, in agreement with earl
experimental observations, they concluded that HCCN is a
1 National Research Council Postdoctoral Associate. Work supported
NASA contract W-19,167. e
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ear radical. A more thorough microwave study was conduc
by Brownet al. (9), who measured the pure rotational spectru
of four isotopomers and were able to determine the substitu
structure. They found an anomalously short internuclear
tance (0.998̊A) for the C–H separation and concluded, for th
first time, that HCCN is quasi-linear instead of strictly linea
Further evidence for quasi-linearity came from an investigat
of the ν1 fundamental band by Morteret al. (10). They were
able to observe hot bands associated with bending vibrat
and, by intensity measurements, to estimate the energy forν5 at
187± 20 cm−1, which indicates a very low barrier to linearity
A Fourier-transform microwave study was carried out by En
and Ohshima (11). They were able to resolve the nuclear h
perfine structure, which suggested that the structure of HC
was indeed “allene-like” and linear, with a large-amplitude CC
bending vibration. The evidence for quasi-linearity was furth
supported by McCarthyet al. (13), who made a millimeter-/
submillimeter-wave measurement of pure rotational lines
both HCCN and DCCN in the ground and several excited
brational levels. They fit their data using both asymmetric ro
model and linear models, the latter producing a much bette
of the data. Moreover, they were able to estimate the energie
theν5 levels by intensity measurements and reported a valu
145± 15 cm−1 for the 1ν±1

5 . This is considerably lower than th
value, 187± 20 cm−1, reported by the Curl group (10). Sunet al.
(14) have recently reported measurements of theν1 andν1+ ν5

bands of DCCN that permit an accurate determination of theν5

vibrational energy (74.845± 0.002 cm−1). A far-infrared laser
magnetic resonance (FIR LMR) investigation of theν5 funda-
mental of DCCN, similar to this work, which will improve th
3
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accuracy of theν5 separation (29), is under way. While the search
for theν5 fundamental of HCCN was being conducted using F
LMR (this work), the Curl group (15) reinvestigated the region
aroundν1 and found theν1+ ν5 band. This, combined with their
earlier results on theν1+ ν5− ν5 band, provided an accurate de
termination of theν0 of theν5 vibrational fundamental band o
HCCN (128.907± 0.002 cm−1), which greatly simplified the
search for the LMR spectrum.

This paper reports the first direct measurement of theν5 fun-
damental band (CCH bending vibrational mode in linear term
of the HCCN radical. These measurements were made u
FIR LMR spectroscopic techniques. From a quantum mech
cal viewpoint, the data can be treated equivalently as either
l = 1← 0 transition of a linear molecule or as theKa = 1← 0
transition of a bent molecule. We chose to use an asymm
ric rotor Hamiltonian with the basis set truncated so that o
diagonal elements were restricted to the ranges1N = 4 and
1Ka = 0. When the data are modeled in this fashion, the
rameters determined can be related directly to those determ
using a linear model for a polyatomic molecule. The data set
cluded data from three sources. The first is the microwave d
taken by Endo and Ohshima (11), in which hyperfine structure
was resolved. The second is the millimeter-wave data recor
by McCarthyet al. (13) for the v5 = 0 and 1 levels (30); hy-
perfine structure was not resolved in these observations.
third source is the FIR LMR data recorded for this work,
which hyperfine structure arising from both the1H nucleus
(I = 1/2) and the14N nucleus (I = 1) was resolved in both
the upper and lower states. With this complete set of data
molecular parameters were extended and refined. The LMR
taken in this work improves the accuracy of the value for t
v5 = 1← 0 separation and the spin–spin parameters and
determines hyperfine parameters for the upper state for the
time.

EXPERIMENTAL DETAILS

The far-infrared laser magnetic resonance spectrometer
for this work has been described in detail elsewhere (31). Two
changes have been made recently which improve the sens
ity and short-wavelength performance of the spectrometer (32).
The first change increased the Zeeman modulation freque
from 13 to 40 kHz, with a proportionate increase in sen
tivity. The second change reduced the diameter of the tu
which constitutes the pump region of the LMR spectrome
from 50.4 to 19 mm. Reducing the diameter of the tube
creases the overlap of the FIR radiation field at short wa
lengths with the pumped lasing gas. This increases the po
of FIR laser lines below 100µm and increases the numbe
of lines lasing at these shorter wavelengths. These impro
ments are particularly important for the present experiment
cause all transitions observed for HCCN are at waveleng
well below 100µm. The signals were detected with a gallium
germanium photoconductor, processed by a lock-in amplifie
Copyright C© 2001 b
IR

-
f

s)
sing
ni-
the

et-
ff-

a-
ined
in-
ata

ded

The
in

the
ata

he
lso
first

sed

itiv-

ncy
si-
be,
er,
in-
ve-
wer
r
ve-
be-
ths
–
r at

1 f , and recorded with anxyplotter as a function of flux density
Since 1f detection using magnetic modulation was employ
the signal is observed as the first derivative of an absorp
profile.

The HCCN radical was produced using the method of hyd
gen extraction by atomic fluorine, which has been proven ef
tive in several previous investigations (33). The fluorine atoms
were generated by flowing 10% F2 in He through a microwave
discharge. Acetonitrile (CH3CN) and helium were added dow
stream, where the fluorine atoms removed two of the hydro
atoms, resulting in the production of HCCN. A deep purple fla
was observed when the production of HCCN was optimized.
helium introduced with the acetonitrile acted primarily as a c
rier gas and pushed the reaction zone down into the laser b
generating larger signals. The partial pressures of the gas
which optimal signals were obtained were 27 Pa (200 mT
10% F2 in He, 8 Pa (60 mTorr) acetonitrile, and 53 Pa (4
mTorr) He. Two checks were performed on most of the tra
tions to confirm that the signals were indeed due to HCCN. Ei
deuterated acetonitrile or methane replaced the regular ace
trile. These checks eliminate or confirm species that contain
drogen or nitrogen, respectively. In addition to these two te
a third was performed on only a few lines. This test consiste
adding N2 to the discharge with the F2 in He mixture to produce N
atoms, while adding methane downstream. This method pr
effective in making HCCN, but not as efficient as the acetonit
reaction.

Figure 1 shows a spectrum 60 mT wide observed for HC
taken in perpendicular polarization (1MJ = ±1) with a pro-
gression ofMJ values for theQQ22(2) transition (notation
1N1JFi ′Fi ′′ (N ′′)). The sextet structure is due to the hyperfi
splitting arising from the nuclear spin of the1H (I = 1/2) and
14N (I = 1) nuclei. The doublet structure of theMJ = 0← 1
resonance shows the14N hyperfine structure collapsed whi
the hyperfine structure due to1H is still resolved. Figure 2 is
a 50-mT-wide scan showing resonances associated with
different vibration–rotation transitions,PR13(2), PQ23(4), and
P P11(2), taken in parallel polarization (1MJ = 0). Again, the
sextet structure is due to hyperfine splitting arising from the1H
and14N nuclei. The hyperfine structure in theP P11(2) MJ = 2
resonance is somewhat unresolved. A simulated spectru
the same region, generated using the parameters determin
this work, is included for comparison in both figures. The s
vey and measurement spectra were taken with the laser’s el
field in both parallel (Eω ‖ B0) and perpendicular (Eω ⊥ B0) po-
larization to the magnetic field. Measurement scans were
cally≤10 mT in width, as shown in Fig. 3, and the resonan
were recorded by tuning the magnet to the center of the line
waiting several time constants (100 ms) for the magnetic fi
to stabilize. The magnet was calibrated with an NMR gau
meter. The overall experimental uncertainty is estimated t
[(±1× 10−4)× B (T)] above 0.1 T and±1× 10−5 T below
0.1 T, whereB is the magnetic flux density. The laser frequen
is accurate to [21/2× (2× 10−7)× νlaser].
y Academic Press
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FIG. 1. Far-infrared laser magnetic resonance spectrum (upper trace)
simulated spectrum (lower trace) of theν5

QQ22(2) vibration–rotation transition
of HCCN recorded in perpendicular polarization (1MJ = ±1) covering 60 mT.
The spectrum was recorded using the 77.905-µm (3 848 185.5-MHz) laser line
of CH3OH pumped by the 10R(16) line of a CO2 laser. The sextet structure is
due to the hyperfine splitting arising from the nuclear spin of the1H (I = 1/2)
and the14N (I = 1) nuclei. The doublet structure of theMJ = 0← 1 resonance
shows the14N hyperfine structure collapsed while the hyperfine structure d
to 1H is still resolved.

RESULTS AND ANALYSIS

Four far-infrared laser lines were used to record the LM
spectra reported in this paper. The details of these lines and
transitions recorded using each line are listed in Table 1. Figu
shows a stick diagram of the zero-field vibration–rotation tra
sitions (frequencies given in Table 8), which were calcula
using the molecular constants determined in this work and
positions of the four laser lines used in this study. A total
530 resonances, corresponding to 45 different vibration–rota
transitions ranging inN ′′ from 0 to 9 and with1N = −1, 0, and
+1, were recorded and assigned. Four of these were observe
two different laser lines. However, the data set used in the le
squares fit contained only 367 resonances because the eige
identification routine in the fitting software was not able to pi
up the correct eigenvalues for all of the resonances. This prob
occurred when the Zeeman and hyperfine splittings from b
Copyright C© 2001 b
and

ue

R
the
e 4
n-
ed
the
of
ion

d on
st-
state
k
lem
oth

nuclei were included. These interactions split eachJ into 2J + 1
MJ sub-levels and eachMJ level into sixMI levels. Including
these interactions, along with the fact that HCCN has relativ
small values for the spin–spin and the spin–rotation constants
sults in a high density of energy levels. As a result there are m
level crossings and avoided level crossings that cause the rou
to pick up the wrong eigenvalue. The complexity of the ener
levels is illustrated in a tuning diagram in Fig. 5. Figure 5 sho
one of the simplest transitions (N= 1← 1) with and without hy-
perfine splitting. The higherN transitions are too complicated to
illustrate this point clearly. We found that the routine could th
“pick up” the correct eigenvalue for the troublesomeMJ levels
if the eigenvalue identification took place at a field of 200 mT.
this low a field the levels have not tuned far enough to cross
addition, hyperfine interaction was not included, which reduc
the number of energy levels by a factor of 6. Therefore, severa
the resonances in which hyperfine structure was resolved w

FIG. 2. Far-infrared laser magnetic resonance spectrum (upper trace)
simulated spectrum (lower trace) showing three different vibration–rotation tr
sitions in theν5 bending fundamental of HCCN. This spectrum was recorded
parallel polarization (1MJ = 0) covering 50 mT using the 77.905-µm (3 848
185.5-MHz) laser line of CH3OH pumped by the 10R(16) line of a CO2 laser. The
sextet structure is due to the hyperfine splitting arising from the nuclear spi
the1H (I = 1/2) and the14N (I = 1) nuclei. ThePR13(2) andPP11(2) transitions
show unresolved hyperfine structure. The simulated spectrum is not perfec
to the large difference in tuning rates of the various vibration–rotation transitio
y Academic Press
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d
FIG. 3. Typical trace of a measurement scan showing the hyperfine structure due to the1H (I = 1/2) and the14N (I = 1) nuclei. This spectrum was recorde
in perpendicular polarization (1MJ = ±1) covering 10 mT using the 77.406µm (3 873 005.1 MHz) laser line of CH3OH pumped by the 9R(8) line of a CO2 laser.
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2 The great majority of the linear molecule parameters in Table 2 are identical
to those used by McCarthyet al. in their fit of the submillimeterwave data (13).
The only exception is that we have chosen to use thel -type doubling parameters
oG, pG, andqG to describe the parity doubling whereas McCarthyet al.use the
λ-type doubling parameterso, p, andq. As pointed out by Beaton and Brown
(33), there is a difference of sign in the definitions of these two sets of parameters.
included in the fit neglecting hyperfine splitting (see Table
In these cases the resonant flux density was given the valu
the average of the resolved hyperfine components. Hype
structure due to the1H nucleus was resolved and included in t
fit for 71 of the 116MJ components and for 49 of the 116MJ

components for the1H and the14N nuclei, respectively.
The initial FIR LMR search for theν5 fundamental band

was made in the region predicted by McCarthyet al. (13), near
145 cm−1. We were not able to make any assignments at
time. We then learned that the Curl group had reinvestigated
region near theν1 fundamental and observed theν1+ ν5 combi-
nation band (15). The observation of this band along with the
earlier work on theν1+ ν5− ν5 band (10) provided a much more
accurate determination of theν5 separation, 128.907± 0.002
cm−1. We used this value to make predictions and then c
ducted searches in the region indicated. From this, we were
to make assignments of the LMR observations.

We elected to use an effective Hamiltonian which descri
the energy levels of an asymmetric rotor in a nonsinglet e
tronic state to analyze the data, even though HCCN is thoug
be a quasi-linear molecule and the pure rotational spectra
been shown to fit nicely using a linear model. This decis
was made, in part, because we already had a computer pro
for an asymmetric rotor and only minor changes to the c
were needed in order to fit the HCCN data. In addition,
v5 = 1← 0 vibrational transition of a linear molecule has t
same quantum mechanical representation as aKa = 1← 0
rotational transition of a bent molecule. Consequently,
parameters determined using the asymmetric rotor model ca
Copyright C© 2001 b
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related to those found for a linear molecule in itsv5 = 0 and 1
levels, as shown in Table 2.2 The asymmetric rotor Hamiltonia
used in this work is expressed in theN2 formulation as the sum
of several terms (33, 34):

Heff = H rot+ H cd+ H ss+ H sscd+ H sr+ H srcd

+ Hmhfs+ HQ+ HZeem. [1]

Details of the individual termsH rot, H cd, H ss, H sr, H srcd,

Hmhfs, andHZeem are given in Refs. (34, 35) and references
within, so they will not be repeated here. Because HC
behaves very much like a symmetric top from a rotational po
of view, we have cast the centrifugal distortion corrections
H cd andH srcd in the S-reduced form (36). The termH sscdis not
included in Refs. (34, 35). It describes the centrifugal distortio
correction of the spin–spin interaction and is expressed as

H sscd= 1/2
[(

Dα
N N2+ Dα

K N2
z + Hα

K N N2N2
z

)
,(

3S2
z − S2

)]
+ + · · · , [2]

whereDα
N , Dα

K , andHα
K N describe theN2 andK 2 dependence

(centrifugal distortion) of the spin–spin coupling parame
y Academic Press
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TABLE 1
FIR Laser Lines Used to Record LMR Spectra of the ν5 Bending Fundamental of HCCN

a Fi labels the spin components in order of increasing energy for a givenJ and linear notation given as1N1JF ′i F ′′i (N ′′).
Copyright C© 2001 by Academic Press
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ositions
FIG. 4. Zero-field vibration–rotation transitions for theν5 bending fundamental calculated using the molecular constants determined in this work. The p
of the four laser lines (extended vertical lines) used in this study are also given. The transitions are all1J = 1N except theN = 1← 0.
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(α). We includedH sscd because it was needed to make o
Hamiltonian equivalent to that used by McCarthyet al. (13).
As shown in Table 2,α, Dα

N, Dα
K , andHα

K N in the bent molecule
representation are related to the linear model’s spin–spin te
λ andλD, for thev5 = 0 and 1 levels.

The effective Hamiltonian was used to analyze the data lis
in Tables 3, 4, and 5. Table 3 reports the details of the FIR L
data from this work. In addition to the LMR data we included t
microwave data from Endo and Ohshima (11) in which hyperfine
structure was resolved, listed in Table 4, and millimeter-w
data for thev5= 0 and 1 from McCarthyet al.(13, 30), given in
Table 5.

Each observed resonance listed in Table 3 was initially giv
weight equal to the inverse square of the estimated experim
uncertainty. The estimated experimental uncertainty of the
LMR data ranged from 1.5 to 4 MHz, based on the intens
of the resonance, the tuning rate, the uncertainty in the m
surement of the magnetic flux density, and whether or not
perfine structure was completely resolved. The resonances
were given uncertainties of 1.5 MHz were the strongest o
in which the hyperfine structure was well resolved for eithe
both nuclei or completely collapsed, and the tuning rates w
below 30.00 MHz/mT. All other resonances were given lar
uncertainties because they were either not well resolved, w
or observed at high field, had high tuning rates, or were
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cluded without hyperfine because the software could not “p
up” the correct eigenvalue. The uncertainties seem appropr
since the standard deviation of the fit of 483 data points relativ
the experimental uncertainty is 0.819. The microwave data
millimeter-wave data were given experimental uncertainties
5 kHz and 50 kHz, respectively. After several attempted fi
14 of the 367 resonances had residuals much greater than
times their uncertainty and, after reinvestigation of the spec
they were subsequently given zero weight. TheN= 5← 4 tran-
sition in theKa= 1 (ν5= 1) level of the millimeter-wave data
was given zero weight because the residuals were abnorm
large. This will be discussed in the next section.

The data set including all three types of data required
parameters, 29 varied and 3 fixed ((bb)Q, gN for 1H, and
gN for 14N), to model the data. The parameters determin
in this fit are listed in Table 6 in units of both MHz an
cm−1. The parameters converted to linear molecule notat
are given in Table 7 and compared with the best previou
obtained values, where available. For the most part, the ag
ment is very good. The parameters determined include ro
tional parametersA, 1/2(B+C), 1/2(B− C), DN, DN K , d1,

and HN K , the spin–spin parametersα, β, Dα
N, Dα

K , and Hα
K N ,

the spin–rotation parametersεaa, 1/2(εbb+ εcc), 1/2(εbb−
εcc), (DS

N K + DS
K N), DS

N K , and DS
N , the hyperfine parameters

aF ,aaI, bbI (for both 1H and 14N), and aaQ (for the 14N
y Academic Press
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s

FIG. 5. Tuning diagram from 0 to 2 T (0 to 20 kG) for theKa = 1← 0 (ν5 = 1← 0) N = 1← 1 transition in parallel polarization (1MJ = 0). The diagram
on the left (A) shows the transition exclusive of hyperfine splittings, while the diagram on the right (B) show the same transition with hyperfine splittings included.
The high density of states on the right (B) shows the complexity of the transition and also explains why the eigenvalue pickup routine had difficulty inelecting
the correct levels when hyperfine interactions were included.
f
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ing
nucleus), and the Zeeman parametersgaa
S , 1/2(gbb

S + gcc
S ), gaa

r ,
and 1/2(gbb

r + gcc
r ). The parameter (bb)Q was fixed at

0.974 MHz, which was obtained using the conversion (bb)Q =
−1/2(aa)Q, that is, (bb)Q = (cc)Q. The values ofgN for the1H
and14N nuclei were fixed to the nuclear magnetic moments
1H (5.58570) and14N (0.40376), respectively (37).

When the final fit was completed, we attempted another le
squares fit of the same data set with the basis set increased
1Ka = 0 to1Ka = 2. Had the molecule been truly bent the
this test would have significantly improved the fit. Howeve
increasing the basis set had very little effect on the fit, actua
causing it to get slightly worse. There is therefore little supp
for a truly bent structure from theKa = 1← 0 data.
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DISCUSSION

We have detected vibration–rotation transitions in theν5

fundamental band of the HCCN radical by FIR LMR spectr
scopic techniques. These transitions fall into the FIR reg
because HCCN is quasi-linear due to the low barrier to linea
of the CCH bending vibration. This is the second measurem
of a bending fundamental for carbon-chain species in a se
of similar studies by the current authors using FIR LMR. T
first was the measurement of theν2 fundamental of the CCN
radical (38). Previously, there had been two reports of bend
fundamentals in the FIR region. One was for C3 (39) and the
other for FeD2 (40).
Academic Press
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TABLE 2
Parameter Conversion Relationships between Linear

and Bent Models

a We have used Watson’sS-reduction of the centrifugal distortion terms (36).

This study is a significant advance in our knowledge of
HCCN radical. It provides the most accurate determination of
ν5 separation to date and a more reliable and accurate determ
tion of the electron spin splittings. In addition, we have made
first observation of hyperfine structure in theKa = 1 (orv5 = 1)
levels and a much more reliable and accurate determinatio
the spin and rotationalg-factors. Twenty-nine parameters ha
been determined in the analysis, most of them significantly
proved. The primary quantity determined in this work is theν5

vibrational interval; it can be calculated using the relations
in Table 2 asν5 =128.907 968 7(40) cm−1. It is more accurate
than, but in excellent agreement with, the value determined
Hanet al. (15), 128.907(2) cm−1. The availability of this latter
value considerably aided our analysis.

The present observations also provide a better determina
of the spin splittings, particularly for theKa = 1 levels, which
had previously been studied only by McCarthyet al. (13) at
submillimeter wavelengths. The latter’s data are included in
fit. The data points all fitted very satisfactorily except for t
N = 5← 4 frequencies at theKa = 1 level (see Table 5). Thes
five transitions could be fit much better if the parameterεaa

was increased from−8.47 to−17.6 MHz, the value effectively
used by McCarthyet al. in their fit (Tables 2 and 7). However
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McCarthyet al.detected only transitions with1J = 1N and so
did not observe the spin splittings directly. In our work, on t
other hand, we do obtain direct information on the spin sp
tings because we observe the1J 6= 1N transitions as well.
Furthermore, the modeling of the Zeeman effect depends on
separations of the spin components. For these reasons, w
lieve our determination of the spin splittings is more reliab
although we do not have an explanation for the comparativ
poor fit of theN = 5← 4 transition frequencies.

In the LMR study, we see proton and14N hyperfine split-
tings for HCCN at bothKa = 0 and 1 levels. Although the
Ka = 0 had been well characterized previously by Endo a
Ohshima (11), this is the first observation of the hyperfine spl
tings at theKa = 1 levels. It is remarkable that we have bee
able to resolve such splittings with an experimental (Doppl
linewidth of 7.7 MHz (FWHM), whereas McCarthyet al., with
a narrower linewidth (about 0.6 MHz) were not. This resu
demonstrates one of the many merits of the LMR techniq
In the submillimeter-wave study, which was made in the a
sence of a magnetic field, the nuclear spin is coupled to the
tational plus spin angular momentum,J. The strong transitions
are1F = 1F1 = 1J = 1N = 1 (see the footnote to Table 4
for an explanation of the quantum numbers). Since the hyp
fine splittings do not change greatly withN, these transitions
all occur at very similar frequencies and the hyperfine struct
is not resolved. In the LMR experiment, on the other hand,
nuclear spins are decoupled from the molecular framework
the1MI = 0 transitions usually connect states with differe
hyperfine splittings. The hyperfine structure is thus much m
easily resolved. The observation of hyperfine splittings in
Ka = 1 levels provide an indication of the noncylindrical sym
metry of the hyperfine interactions. The parameters in Tab
show clearly that the dipole–dipole coupling for both1H and14N
nuclei is distinctly non-cylindrical about thea-inertial axis. The
14N electric quadrupole interaction, on the other hand, shows
deviation from cylindrical symmetry within experimental erro

The nuclear hyperfine parameters in Table 6 which gov
the splittings in theKa = 0 levels agree very well with those re
ported by Endo and Ohshima (11), although they are now bette
determined. This is not surprising, since we have included th
transition frequencies in our fit (see Table 4). Endo and Ohsh
give a thorough discussion of the structural implications of t
hyperfine parameters and we shall not repeat it here. Suffice
say that the parameters suggest that the electron spin (S= 1) is
predominantly confined to the C1 atom (adjacent to the H atom
and the N atom, 0.66 spin density on C1 and 0.34 on N. This is
consistent with a structure for HCCN that is two parts allen
and one part carbene.

The14N hyperfine parameters of HCCN make an interesti
comparison with those of the related molecules CCN and NC
the values available are collected in Table 8. Unfortunate
experimental values are not available for NCN but a high-le
ab initio calculation of the magnetic hyperfine parameters h
been carried out on this molecule (41). The parameters for
y Academic Press
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TABLE 3
Details of the ν5 Bending Vibration–Rotation Transitions of HCCN Observed Using FIR LMR

a Lower state parity; all transitions are electric dipole allowed. The parity is−(−)Kc for a molecule in a levelNKaKc

of a 3A′′ state.
b Eigenstate identification number labels the spin components in order of increasing energy for a givenJ.
c Resonance observed with hyperfine structure resolved and eigenvalue identification took place at 200 mT.
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TABLE 3—Continued
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TABLE 3—Continued
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TABLE 3—Continued
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TABLE 3—Continued
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TABLE 3—Continued
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TABLE 3—Continued

TABLE 4
Details of the Microwave Data for Ka = 0 Included in the Least-Squares Fit (MHz)

a The parity is−(−1)Kc for a molecule in a levelNKaKc of a 3A′′ state.
b Unlike Endo and Ohshima (11), we use the following coupling scheme in our fit:J + I H = F1; F1 + I N = F .
Copyright C© 2001 by Academic Press
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TABLE 5
Details of the Millimeter-Wave Data Included in the Least-Squares Fit (MHz)

a The parity is−(−1)Kc for a molecule in a levelNKaKc of a 3A′′ state.
Copyright C© 2001 by Academic Press
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TABLE 5—Continued
al-

ter-
The
R
can

hip

ass
HCCN and NCN, in particular, should be comparable becau
these molecules are isoelectronic. Indeed, the values forbF andc
are very similar. Using a value for the spin density on N in NC
of 0.5, the value ofbF for HCCN implies a spin density on the N
atom of 0.55, broadly in line with the value of 0.34 obtained b
Endo and Ohshima (11). The valued = 1/2[(bb)I − (cc)I ] for
HCCN is very different from that for CCN. However, these tw
values are not really comparable since the interaction gover
by this parameter arises solely from electrons in theπg molecular
orbital. There is only one such electron in CCN but there a
two for HCCN; in the latter case the contributions from the tw
electrons almost cancel.

Another of the merits of the LMR experiment is that it pro
vides quantitative information on the Zeeman parameters (og-
factors) of molecules. In the case of HCCN, we have been a
to measure components of the electron sping-factorgααs and the
Copyright C© 2001 b
se

N

y

o
ned

re
o

-
r
ble

rotationalg-factorgααr . A deviation from cylindrical symmetry
was not detectable for either parameter. The electron sping-
factors were been determined previously by Bernheimet al.(3)
for a randomly oriented sample in a glassy medium. Their v
ues wereg‖ = gaa

s = 2.073 andg⊥ = 1/2(gbb
s + gcc

s ) = 2.013,
although they state that the former parameter was not well de
mined. The agreement with the present values is very poor.
discrepancy probably reflects the difficulty of interpreting ES
spectra of randomly oriented samples. The present values
also be compared with the expectations of Curl’s relations
(42),

1g ≡ gααs − gs = −εαα/(2Bαα), [3]

wheregs is the isotropicg-factor for an electron spin. Taking
gs as 2.0020 (corrected for the relativistic increase in the m
y Academic Press
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TABLE 6
Molecular Parameters for HCCN Determined in the Analysis of the Ka = 1− 0 Band

a Numbers in parentheses are one standard deviation and apply to the last quoted digits.
b Not and independent value, determined from (aa)I + (bb)I = −(cc)I .
c Parameter constrained to this value in the fit (see text).
y

a

mag-
n to
la

lar

tive
of the electron in a molecular environment), we obtain valu
for gaa

s and 1/2(gbb
s + gcc

s ) of 2.0020 and 2.0028, respectivel
The agreement with the present values in Table 6 is very go
increasing confidence in our analysis and interpretation.

The values for the rotationalg-factors of HCCN are eminently
reasonable. The electronic contribution to theseg-factors can be
estimated from the expression given by Brown and Sears (43)

gααr (el)= −|εαα|/ζ, [4]

whereζ is the effective spin–orbit coupling constant for th
open-shell electrons. Using the spin densities of 0.34 on N
Copyright C© 2001 b
es
.
od,

e
nd

0.66 on C1 from Endo and Ohshima (11), we estimateζ to
be 43.1 cm−1 in HCCN. This givesgaa

r (el)= −0.66× 10−5

and 1/2(gbb
r + gcc

r )(el)= −0.130× 10−4. The corresponding
experimental values (see Table 6) are somewhat larger in
nitude, which is surprising because the nuclear contributio
these rotationalg-factors is expected to be positive. The formu
in Eq. [4] is unlikely to be very reliable forgaa

r because this
g-factor will also have a contribution from vibrational angu
momentum in thev5 = 1 level.

The accurate characterization of theKa = 1← 0 transi-
tion frequencies for HCCN provides a distinctive and sensi
y Academic Press
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t quoted
TABLE 7
Molecular Parameters for HCCN, Expressed in the Linear Molecule Notation

a The numbers in parentheses represent one standard deviations of the least-squares fit, in units of the las
decimal place.

b The values for the parameters obtained by other workers are given in MHz, with the exception of that forν5 which
is given in cm−1.

c McCarthy et al. (13) determined values for the lambda-type doubling parameterso, p andq which have the
opposite signs.
a-

c-

for

in
way of detecting the molecule in remote sources such
the circumstellar shells or the interstellar medium. To a
this process, we have calculated the zero-field frequencies
the first few lines in theP, Q, and R branches from the para-
meters in Table 6. For the sake of simplicity, nuclear hyperfi
structure has not been included. The results are given in Tabl

The degree of quasi-linearity of HCCN cannot be asses
from the Ka = 1← 0 data set by itself. As we have seen,
linear and a bent model of the molecule can fit it equally we
TABLE 8
14N Hyperfine Parameters (in MHz) for HCCN and Related Species in Their Ground Electronic States

a This work.
b Ref. (42)
c Ref. (37)
Copyright C© 2001 b
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id
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ne
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For this reason, it is desirable to obtain information on the loc
tion of theKa = 2 levels (which correspond to thev5 = 2, l5 = 2
levels in the linear designation) and also of higher levels. A
cording to the intensity measurements of McCarthyet al. (13),
if we scale the levels by the same ratio we have determined
theν5 = 1 (129 cm−1/145 cm−1 = 0.89) then theKa = 2← 1
subband is expected to occur between 150 and 190 cm−1 (4.50
and 5.70 THz). We are currently searching for HCCN signals
this general region.
y Academic Press
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TABLE 9
Zero-Field Frequencies for the Ka = 1← 0 (v5 = 1← 0) Transition Calculated Using the

Molecular Parameters Determined in This Worka

a Hyperfine structure is ignored and only1J = 1N transitions are given, except forN = 1← 0.
b The parity is−(−1)Kc for a molecule in a levelNKaKc of a 3A′′ state.
Copyright C© 2001 by Academic Press
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TABLE 9—Continued
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