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The HCCN radical is known to be a quasi-linear molecule in its ground triplet state in the linear configuration).
Vibration—rotation transitions in the HCC bending)fundamental band have been detected around 129 bynthe 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 equivalentl{as- 1 < 0 transitions of a bent molecule or gs= 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 Hamiltonigbamberigin has been determined
more accurately as 128.907 968 7 (40)¢nin addition, it has been possible to characterize the electron spin splittings in the
Ka = 1 levels more reliably. BothH and!*N hyperfine splittings have been observed for he= 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 g2* andg**) have also been determinede 2001 Academic Press
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INTRODUCTION ear radical. A more thorough microwave study was conductec
by Brownet al. (9), who measured the pure rotational spectrum
The HCCN radical has been the subject of numerous invesi-four isotopomers and were able to determine the substitute
tigations both experimentallyi{16) and theoreticallyX6-27).  structure. They found an anomalously short internuclear dis
This is, in part, due to the initial disagreement between expefimce (0.998\) for the G-H separation and concluded, for the
mentand theory over the structure and geometry of the molecy|gst time, that HCCN is quasi-linear instead of strictly linear.
Ithas also been detected in the circumstellar envelope of the lat@rther evidence for quasi-linearity came from an investigatior
type carbon star IRG- 10216 and in the giant molecular cloudsf the v, fundamental band by Mortest al. (10). They were
Sgr B2 and Orion AZ8). The HCCN radical was first observedaple to observe hot bands associated with bending vibration
by Bernheimet al. (1-3). By measuring its EPR spectrum inand, by intensity measurements, to estimate the energy ar
a glassy solution at 77 K, they determined the electron sping7+ 20 cnr!, which indicates a very low barrier to linearity.
spin constants and concluded that the radical had a linear tripi@[tourier_transform microwave study was carried out by Endo
ground state. Two early theoretical calculations by Hoffmanghd OhshimaX1). They were able to resolve the nuclear hy-
et al (17) and Harrisoret al. (18) supported the conclusion perfine structure, which suggested that the structure of HCCI
of a linear triplet ground state, but they were carried out witjas indeed “allene-like” and linear, with a large-amplitude CCH
limited sized basis sets. All subsequent theoretical investigfending vibration. The evidence for quasi-linearity was further
tions, using larger basis sets and higher level of theory, hagoported by McCarthet al (13), who made a millimeter-/
concluded that the HCCN radical has a bent triplet ground staigbmillimeter-wave measurement of pure rotational lines for
with a low barrier to linearity 16,19-27). However, depend- hoth HCCN and DCCN in the ground and several excited vi-
ing on the basis set and level of theory used there is still sofgtional levels. They fit their data using both asymmetric rotor
controversy as to whether HCCN has a carbeneéXtC=N) or model and linear models, the latter producing a much better fi
“allenic-like” (H-C=C=N) structure. In 1984 the ground stateof the data. Moreover, they were able to estimate the energies
of HCCN was characterized by Sa#bal. (8), who measured the s levels by intensity measurements and reported a value c
several lowd rotational transitions by microwave spectroscopw45-+ 15 cni ! for the ™. This is considerably lower than the
They saw no deviation in the spectrum from the expectations f@flue, 187+ 20 cnt2, reported by the Curl grouf.(). Sunet al.
a linear molecule in & state and so, in agreement with earlie[14) have recently reported measurements ofithendv, + vs
experimental observations, they concluded that HCCN is a lipands of DCCN that permit an accurate determination of¢he
vibrational energy (78454 0.002 cnt?l). A far-infrared laser
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accuracy of thes separationZ9), is under way. While the search1 f , and recorded with axy plotter as a function of flux density.
for thevs fundamental of HCCN was being conducted using FIBince If detection using magnetic modulation was employed
LMR (this work), the Curl groupX5) reinvestigated the region the signal is observed as the first derivative of an absorptio
aroundv; and found the; + vs band. This, combined with their profile.
earlierresults onthe + vs — vs band, provided an accurate de- The HCCN radical was produced using the method of hydro
termination of theyy of the vs vibrational fundamental band of gen extraction by atomic fluorine, which has been proven effec
HCCN (1289074 0.002 cnt?l), which greatly simplified the tive in several previous investigation33j. The fluorine atoms
search for the LMR spectrum. were generated by flowing 10% i He through a microwave
This paper reports the first direct measurement obgfen-  discharge. Acetonitrile (C¥CN) and helium were added down-
damental band (CCH bending vibrational mode in linear termsfream, where the fluorine atoms removed two of the hydroge
of the HCCN radical. These measurements were made usaigms, resulting in the production of HCCN. A deep purple flame
FIR LMR spectroscopic techniques. From a quantum mechanias observed when the production of HCCN was optimized. Th
cal viewpoint, the data can be treated equivalently as either thelium introduced with the acetonitrile acted primarily as a car-
| = 1 < Otransition of alinear molecule orasthg = 1 <— 0 rier gas and pushed the reaction zone down into the laser bea
transition of a bent molecule. We chose to use an asymmegeénerating larger signals. The partial pressures of the gases
ric rotor Hamiltonian with the basis set truncated so that offvhich optimal signals were obtained were 27 Pa (200 mTorr
diagonal elements were restricted to the rangéé =4 and 10% F, in He, 8 Pa (60 mTorr) acetonitrile, and 53 Pa (400
AKy = 0. When the data are modeled in this fashion, the paTorr) He. Two checks were performed on most of the transi
rameters determined can be related directly to those determitieds to confirm thatthe signals were indeed due to HCCN. Eithe
using a linear model for a polyatomic molecule. The data set ideuterated acetonitrile or methane replaced the regular acetol
cluded data from three sources. The first is the microwave d#tée. These checks eliminate or confirm species that contain hy
taken by Endo and Ohshima1), in which hyperfine structure drogen or nitrogen, respectively. In addition to these two tests
was resolved. The second is the millimeter-wave data recordethird was performed on only a few lines. This test consisted o
by McCarthyet al. (13) for the vs = 0 and 1 levels30); hy- addingN tothe discharge with thein He mixture to produce N
perfine structure was not resolved in these observations. Ttems, while adding methane downstream. This method prove
third source is the FIR LMR data recorded for this work, irffective in making HCCN, but not as efficient as the acetonitrile
which hyperfine structure arising from both thE nucleus reaction.
(I =1/2) and the'*N nucleus ( = 1) was resolved in both  Figure 1 shows a spectrum 60 mT wide observed for HCCN
the upper and lower states. With this complete set of data ttaéen in perpendicular polarizatiold; = +1) with a pro-
molecular parameters were extended and refined. The LMR dgtassion of M; values for the®Q,,(2) transition (notation
taken in this work improves the accuracy of the value for t&N A Jgi/ri-(N”)). The sextet structure is due to the hyperfine
vs = 1 < 0 separation and the spin—spin parameters and atgaitting arising from the nuclear spin of thel (I = 1/2) and
determines hyperfine parameters for the upper state for the fif$t (I = 1) nuclei. The doublet structure of thd; =0 « 1
time. resonance shows thHéN hyperfine structure collapsed while
the hyperfine structure due i1 is still resolved. Figure 2 is
EXPERIMENTAL DETAILS a 50-mT-wide scan showing resonances associated with thre
different vibration—rotation transition$R;3(2), PQ23(4), and
The far-infrared laser magnetic resonance spectrometer u§é(2), taken in parallel polarizatior(M; = 0). Again, the
for this work has been described in detail elsewh8@®.(Two sextet structure is due to hyperfine splitting arising from'tde
changes have been made recently which improve the sensitind*N nuclei. The hyperfine structure in theP;1(2) My = 2
ity and short-wavelength performance of the spectrom&®r ( resonance is somewhat unresolved. A simulated spectrum
The first change increased the Zeeman modulation frequerticg same region, generated using the parameters determined
from 13 to 40 kHz, with a proportionate increase in sensihis work, is included for comparison in both figures. The sur-
tivity. The second change reduced the diameter of the tulvey and measurement spectra were taken with the laser’s elect
which constitutes the pump region of the LMR spectrometdield in both parallel E,, || Bo) and perpendiculaif,, L Bp) po-
from 50.4 to 19 mm. Reducing the diameter of the tube itarization to the magnetic field. Measurement scans were typ
creases the overlap of the FIR radiation field at short waveally <10 mT in width, as shown in Fig. 3, and the resonance:
lengths with the pumped lasing gas. This increases the poweare recorded by tuning the magnet to the center of the line ar
of FIR laser lines below 10@um and increases the numbemvaiting several time constants (100 ms) for the magnetic fiels
of lines lasing at these shorter wavelengths. These improve-stabilize. The magnet was calibrated with an NMR gauss
ments are particularly important for the present experiment beeter. The overall experimental uncertainty is estimated to b
cause all transitions observed for HCCN are at wavelengtifs=1 x 10~%) x B (T)] above 0.1 T andt1 x 10> T below
well below 100m. The signals were detected with a gallium-9.1 T, whereB is the magnetic flux density. The laser frequency
germanium photoconductor, processed by a lock-in amplifieriataccurate to [22 x (2 x 1077) X Vjased-

Copyright © 2001 by Academic Press



FIR LMR OF HCCN 145

. W3- — . nucleiwere included. These interactions splitedatto 2J + 1
HCCN: X2 > VS l— O’ QQ22(2) M sub-levels and eachl ; level into sixM, levels. Including
these interactions, along with the fact that HCCN has relatively
M,=2 <1 M1t nmoes smaII.vaIue':s forthe.spin—spin and the spin—rotation constants, r
' ' M=1<2 sults in a high density of energy levels. As aresult there are man

level crossings and avoided level crossings that cause the routir

to pick up the wrong eigenvalue. The complexity of the energy
levels is illustrated in a tuning diagram in Fig. 5. Figure 5 shows
one of the simplest transitionBl(= 1 < 1) with and without hy-
perfine splitting. The higheX transitions are too complicated to
illustrate this point clearly. We found that the routine could then

“pick up” the correct eigenvalue for the troublesoivig levels

if the eigenvalue identification took place at a field of 200 mT. At
this low a field the levels have not tuned far enough to cross. Ir
addition, hyperfine interaction was not included, which reduce:
the number of energy levels by a factor of 6. Therefore, several ¢
the resonances in which hyperfine structure was resolved wel

" HCCN: X°%; vy=1<—0
P2
M,=2
Q4
. M;=3
I I | Ry5(2)
1380.0 1410.0 1440.0
Magnetic Flux Density (mT)

FIG. 1. Far-infrared laser magnetic resonance spectrum (upper trace) a
simulated spectrum (lower trace) of the®Q22(2) vibration—rotation transition
of HCCN recorded in perpendicular polarizatiaxi{l ; = £1) covering 60 mT.
The spectrum was recorded using the 77.208{3 848 185.5-MHz) laser line
of CHzOH pumped by the 10R(16) line of a Gaser. The sextet structure is
due to the hyperfine splitting arising from the nuclear spin of'thgl = 1/2)
and thé**N (I = 1) nuclei. The doublet structure of tiy; = 0 < 1 resonance
shows the"*N hyperfine structure collapsed while the hyperfine structure dus
to 1H is still resolved.

RESULTS AND ANALYSIS LY

Four far-infrared laser lines were used to record the LMF
spectra reported in this paper. The details of these lines and t
transitions recorded using each line are listed in Table 1. Figure
shows a stick diagram of the zero-field vibration—rotation tran
sitions (frequencies given in Table 8), which were calculate | | |

using the molecular constants determined in this work and tt1235.0 1260.0 1285.0
positions of the four laser lines used in this study. A total o Magnetic Flux Density (mT)
530resonances, corresponding to 45 different Vlbratlon_mtatlorf}le. 2. Far-infrared laser magnetic resonance spectrum (upper trace) an

transitions ranging ilN” from 0 to 9 and WitAN = —1,0,and  simulated spectrum (lower trace) showing three different vibration—rotation tran
+1, were recorded and assigned. Four of these were observedihs in thevs bending fundamental of HCCN. This spectrum was recorded in
two different laser lines. However, the data set used in the leagirallel polarization 4 M, = 0) covering 50 mT using the 77.905m (3 848
squares fit contained only 367 resonances because the eigentate™H?2) 1aserline of CgOH pumped by the 10R(16) line of a Glaser. The

. e L. .. - . _sextet structure is due to the hyperfine splitting arising from the nuclear spin o
identification routine in the fitting software was not able to picK .1} | — 1 /2)andthé*N (I = 1) nuclei. ThRy5(2) andPPy1(2) transitions

up the correct eigenvalues for all of the resonances. This problgfBy unresolved hyperfine structure. The simulated spectrum is not perfect dt
occurred when the Zeeman and hyperfine splittings from bathhe large difference in tuning rates of the various vibration—rotation transitions
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HCCN: X°X7; v, =1<—0
*Q,(2)
M,=1«—0
MH) =-12 M,(H) = +1/2
MMN= +1 0 -1 +1 0 -1

I ! I ! I
1030.0 1035.0 1040.0

Flux Density (mT)

FIG.3. Typical trace of a measurement scan showing the hyperfine structure duélb(the= 1/2) and thé**N (I = 1) nuclei. This spectrum was recorded
in perpendicular polarizatior\M j; = +1) covering 10 mT using the 77.4@6n (3 873 005.1 MHz) laser line of GOH pumped by the 9R(8) line of a Gaser.

included in the fit neglecting hyperfine splitting (see Table 3)elated to those found for a linear molecule indgs= 0 and 1
In these cases the resonant flux density was given the valudevels, as shown in TableZZThe asymmetric rotor Hamiltonian
the average of the resolved hyperfine components. Hyperfinged in this work is expressed in theé formulation as the sum
structure due to th¥H nucleus was resolved and included in thef several terms33, 34:
fit for 71 of the 116M; components and for 49 of the 11\,
components for théH and the'*N nuclei, respectively. Hett = Hrot + Hea + Hss+ Hsscat Hsr+ Hirea

The initial FIR LMR search for thes fundamental band + Hmhts + Ho + Hzeem [1]
was made in the region predicted by McCar#tl. (13), near
145 cnTl. We were not able to make any assignments at thaetails of the individual termsH o, Hed, Hss, Her Hsred
time. We then learned that the Curl group had reinvestigated tHg\ns, andH zeem are given in Refs.34, 35 and references
region near the; fundamental and observed the+ vs combi-  within, so they will not be repeated here. Because HCCN
nation band 15). The observation of this band along with theibehaves very much like a symmetric top from a rotational poin
earlierwork onthe; 4+ vs — vsband (0) provided amuch more of view, we have cast the centrifugal distortion corrections in
accurate determination of thg separation, 12807+ 0.002 HqandHg.gin the S-reduced fornB8g). The termH gsc4is Not
cm~L. We used this value to make predictions and then coimcluded in Refs.§4, 35. It describes the centrifugal distortion
ducted searches in the region indicated. From this, we were abbgrection of the spin—spin interaction and is expressed as
to make assignments of the LMR observations. . a2 . a2 v n2ei2

We elected to use an effective Hamiltonian which described ~ Hsscd= 1/2I(D NNZ+ DU NG+ H N?N7),
the energy levels of an asymmetric rotor in a nonsinglet elec- (3522 _ 52)] el 2]
tronic state to analyze the data, even though HCCN is thought to +

be a quasrlmear_mo_lecule gnd the_ pure rotational §pectr'c_1 h@ﬁz ereDY, DE, andH¢ , describe theN2 and K 2 dependence
been shown to fit nicely using a linear model. This decisio

entrifugal distortion) of the spin—spin coupling parameter

was made, in part, because we already had a computer progIIg 9 ) P P Ping p

for an asymmetric rotor and only minor changes to the code

were needed in order to fit the HCCN data. In addition, the? The great majority of the linear molecule parameters in Table 2 are identica
vs = 1 < 0 vibrational transition of a linear molecule has thépthose used by McCarthat al.in their fit of the submillimeterwave data3).

t h | tati 46 1 0 The only exception is that we have chosen to usé-tigpe doubling parameters
same quantum mechanical representation ads 1 < P, andqg to describe the parity doubling whereas McCarhgl. use the

rotational transition of a bent molecule. Consequently, tIletype doubling parameters p, andq. As pointed out by Beaton and Brown
parameters determined using the asymmetric rotor model candsp there is a difference of sign in the definitions of these two sets of parameter.
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TABLE 1
FIR Laser Lines Used to Record LMR Spectra of the vs Bending Fundamental of HCCN
CO, Lasing Wavelength Frequency HCCN Transitions observed

Pump Medium (1m) (MHz) Nkake F/ « F"° Linear Notation ¢

10R(20) “CD,OD 73.467 40806372 10410 < 9o Py« F *Rii(9)

9R(8) CH;OH 77.406 3873 005.1 1y < 202 Fl«F PR13(2)

I« F3 PP33(2)

L« 1o Fi« F, 9S,5(1)

Fy« F3 QR23(1)

Fye F) Ps(1)

21 ¢ 20,2 e Fy QP21(2)

Fl«F 9S15(2)

Fs < F Q3(2)

312 ¢ 303 Fi« F 2Qui(3)

F; < F; 2Qs55(3)

434 Fy« F; QQ33(4)

Ly ¢ 0go Fr« F| *Q21(0)

2 ¢ 1o Fi« F, RR]I(I)

Fl<«F :Slz(l)

Fy<F Qs(1)

31320 Fi«F, RSIZ(Z)

F; « Fy :P3,(2)

F5« F5 Q32(2)

414 < 303 Fy« F, *P31(3)

Fy« F, *Qn(3)

515 ¢ dgq F3 F, RQsz(4)

10R(16) CH;OH 77.904 3848 185.5 11t < 202 Fi« F, "P1i(2)

Fi < F, Ri3(2)

Fy <« Fy "P13(2)

21 € 33 Fy« F; *Qx(3)

F; < F; "P1(3)

313 < 4oy Fr« F;5 PQ23(4)

414 < 505 £y« F5 I)Q23(5)

Lig & Lo Fi e F) QQll(l)

Fy« F, gpzl(l)

FieF QRlZ(])

F3 P FZ P’%Z(l)

21« 2p2 Fi« F) QQH(z)

Fl«F OR;5(2)

Fy <« F, QQ22(2)

3]2 «— 303 F] < Fz QR12(3)

FyeF, °Qx(3)

Fs ¢ F P5(3)

45 4o Fi«F, R 5(4)

Fy< F, OP3,(4)

S14 ¢ 505 Fi<F, QRIZ(S)

Fy« F P3y(5)

615 < 6os Fi« F 9R 15(6)

F« F, P1,(6)

716 To7 Fi«F, WRix(7)

Ty <= 0 e« Fy RQ21(0)

9R(8) N,H, 81.099 3696 638.2 717 < 83 Fi« F, "P(8)

Fy« F, "0x(8)

aF; labels the spin components in order of increasing energy for a dived linear notation given a$VA J ,:ir,:in(N”).

Copyright © 2001 by Academic Press



148 ALLEN, EVENSON, AND BROWN
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FIG.4. Zero-field vibration—rotation transitions for thebending fundamental calculated using the molecular constants determined in this work. The positi
of the four laser lines (extended vertical lines) used in this study are also given. The transitiong\are-alA N except theN = 1 « 0.

(). We includedH ¢scq because it was needed to make owluded without hyperfine because the software could not “picl
Hamiltonian equivalent to that used by McCartéyal. (13). up” the correct eigenvalue. The uncertainties seem appropria
As shownin Table 2y, Dy, Di, andHg  in the bent molecule since the standard deviation of the fit of 483 data points relative t
representation are related to the linear model’s spin—spin ternf® experimental uncertainty is 0.819. The microwave data an
A andip, for thevs = 0 and 1 levels. millimeter-wave data were given experimental uncertainties o

The effective Hamiltonian was used to analyze the data list8ckHz and 50 kHz, respectively. After several attempted fits
in Tables 3, 4, and 5. Table 3 reports the details of the FIR LMR} of the 367 resonances had residuals much greater than tht
data from this work. In addition to the LMR data we included thémes their uncertainty and, after reinvestigation of the spectre
microwave data from Endo and Ohshimid)in which hyperfine they were subsequently given zero weight. The: 5 <« 4 tran-
structure was resolved, listed in Table 4, and millimeter-wawition in the K, =1 (vs = 1) level of the millimeter-wave data
data for thevs = 0 and 1 from McCarthgt al. (13, 30, givenin was given zero weight because the residuals were abnormal
Table 5. large. This will be discussed in the next section.

Each observed resonance listed in Table 3 was initially given aThe data set including all three types of data required 3:
weight equal to the inverse square of the estimated experimematameters, 29 varied and 3 fixetblf)o, gy for H, and
uncertainty. The estimated experimental uncertainty of the FiR for *N), to model the data. The parameters determinec
LMR data ranged from 1.5 to 4 MHz, based on the intensiiy this fit are listed in Table 6 in units of both MHz and
of the resonance, the tuning rate, the uncertainty in the meaa*. The parameters converted to linear molecule notatiot
surement of the magnetic flux density, and whether or not hgre given in Table 7 and compared with the best previousl
perfine structure was completely resolved. The resonances ihlatiained values, where available. For the most part, the agre
were given uncertainties of 1.5 MHz were the strongest onasent is very good. The parameters determined include rote
in which the hyperfine structure was well resolved for either dional parameterd\, 1/2(B +C), 1/2(B — C), Dy, Dnk, d1,
both nuclei or completely collapsed, and the tuning rates weaed Hyk, the spin—spin parametess g, Dy, D%, and Hg ,
below 30.00 MHz/mT. All other resonances were given largéine spin—rotation parametersaa, 1/2(gpp + &cc), 1/2(ebb —
uncertainties because they were either not well resolved, weak), (DX« + DRn), DRk, and D, the hyperfine parameters
or observed at high field, had high tuning rates, or were iar, aa, b (for both *H and 1*N), and aag (for the *N
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FIG.5. Tuning diagram from 022 T (0 to 20 kG) forthé&K; = 1 <~ O(v5s = 1 < 0) N = 1 < 1 transition in parallel polarizatio’\M; = 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 hypeifigeisplitded.
The high density of states on the right (B) shows the complexity of the transition and also explains why the eigenvalue pickup routine had diéfleattpgn s
the correct levels when hyperfine interactions were included.

nucleus), and the Zeeman parametgs 1/2(g2 + g%, @23, DISCUSSION
and 12(gP°+ g%). The parameter bp)o was fixed at
0.974 MHz, which was obtained using the conversioly) § = We have detected vibration—rotation transitions in the

—1/2(aa)q, thatis, bb)g = (cc)q. The values ofyy for the!H  fundamental band of the HCCN radical by FIR LMR spectro-
and*N nuclei were fixed to the nuclear magnetic moments facopic techniques. These transitions fall into the FIR regior
1H (5.58570) and“N (0.40376), respectivel\3(). because HCCN is quasi-linear due to the low barrier to linearity
When the final fit was completed, we attempted another leasf-the CCH bending vibration. This is the second measuremer
squares fit of the same data set with the basis set increased fadra bending fundamental for carbon-chain species in a serie
AKy = 0to AK, = 2. Had the molecule been truly bent therof similar studies by the current authors using FIR LMR. The
this test would have significantly improved the fit. Howevefjrst was the measurement of the fundamental of the CCN
increasing the basis set had very little effect on the fit, actuallgdical 38). Previously, there had been two reports of bending
causing it to get slightly worse. There is therefore little suppoitndamentals in the FIR region. One was foy (39) and the
for a truly bent structure from thi€, = 1 < 0 data. other for FeD (40).
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TABLE 2

Parameter Conversion Relationships between Linear

and Bent Models

McCarthyet al.detected only transitions withJ = AN and so
did not observe the spin splittings directly. In our work, on the
other hand, we do obtain direct information on the spin split-
tings because we observe the] £ AN transitions as well.

Linear Notation Bent Notation
Furthermore, the modeling of the Zeeman effect depends on tt
Vo of vs (4— B)-Dx separations of the spin components. For these reasons, we |
B 128+ 0) lieve our determination of the spin splittings is more reliable,
Dy Dw although we do not have an explanation for the comparativel;
% 128 + &) poor fit of theN = 5 < 4 transition frequencies.
Yoo Dy In the LMR study, we see proton artéiN hyperfine split-
Ao 3a/2 tings for HCCN at bothK, = 0 and 1 levels. Although the
Apo 3D%/. Ka = 0 had been well characterized previously by Endo anc
B, 172(B + C) ~ Dy + Hyw Ohshima 11), this is the first observation of the hyperfine split-
D, Dy~ Hyx tings at theK, = 1 levels. It is remarkable that we have been
A Eaa= 1280 + £2) — Dk able to resolve such splittings with an experimental (Doppler’
” 128 + &) + (D + D) linewidth of 7.7 MHz (FWHM), whereas McCarttst al., with
2 3a/2 +3D%/2 a narrower linewidth (about 0.6 MHz) were not. This result
A 3D%/2 + 3H /2 demonstrates one of the many merits of the LMR technique
% -p In the submillimeter-wave study, which was made in the ab-
P 11280 — &) sence of a magnetic field, the nuclear spin is coupled to the rc
96 ~1/2B~-C) tational plus spin angular momentuth, The strong transitions
Gop —2d,° areAF = AF; = AJ = AN = 1 (see the footnote to Table 4
by (H) ar (H) for an explanation of the quantum numbers). Since the hypel
c(H) 3aa; (H) /2 fine splittings do not change greatly witl, these transitions
by (N) ar(N) all occur at very similar frequencies and the hyperfine structur:
c(N) 3aa; (N) 2 is not resolved. In the LMR experiment, on the other hand, the
eQgo (N) aag (2121~ 1)) (N) nuclear spins are decoupled from the molecular framework an

aWe have used WatsonSreduction of the centrifugal distortion tern®6j.

the AM, = 0 transitions usually connect states with different
hyperfine splittings. The hyperfine structure is thus much mor
easily resolved. The observation of hyperfine splittings in the
Ka = 1 levels provide an indication of the noncylindrical sym-

This study is a significant advance in our knowledge of thmetry of the hyperfine interactions. The parameters in Table

HCCN radical. It provides the most accurate determination of tsaow clearly that the dipole—dipole coupling for béthand**N
vs separation to date and a more reliable and accurate determimaclei is distinctly non-cylindrical about theinertial axis. The
tion of the electron spin splittings. In addition, we have made tHéN electric quadrupole interaction, on the other hand, shows n
first observation of hyperfine structure intig = 1 (orvs = 1)  deviation from cylindrical symmetry within experimental error.
levels and a much more reliable and accurate determination offhe nuclear hyperfine parameters in Table 6 which gover
the spin and rotationa-factors. Twenty-nine parameters havéhe splittings in the, = 0 levels agree very well with those re-
been determined in the analysis, most of them significantly imerted by Endo and Ohshimal), although they are now better
proved. The primary quantity determined in this work is the determined. This is not surprising, since we have included the
vibrational interval; it can be calculated using the relationshipansition frequencies in our fit (see Table 4). Endo and Ohshim
in Table 2 ass =128.907 968 7(40) crt. It is more accurate give a thorough discussion of the structural implications of the
than, but in excellent agreement with, the value determined byperfine parameters and we shall not repeat it here. Suffice it 1
Hanet al. (15), 128.907(2) cm®. The availability of this latter say that the parameters suggest that the electron SpinX) is
value considerably aided our analysis. predominantly confined to the;@tom (adjacent to the H atom)
The present observations also provide a better determinatard the N atom, 0.66 spin density on &d 0.34 on N. This is
of the spin splittings, particularly for thk, = 1 levels, which consistent with a structure for HCCN that is two parts allenic
had previously been studied only by McCartbial. (13) at and one part carbene.
submillimeter wavelengths. The latter’s data are included in ourThe N hyperfine parameters of HCCN make an interesting
fit. The data points all fitted very satisfactorily except for theomparison with those of the related molecules CCN and NCN
N = 5 « 4frequencies atthi€, = 1level (see Table 5). Thesethe values available are collected in Table 8. Unfortunately
five transitions could be fit much better if the parametgy experimental values are not available for NCN but a high-leve
was increased from8.47 to—17.6 MHz, the value effectively ab initio calculation of the magnetic hyperfine parameters ha
used by McCarthet al. in their fit (Tables 2 and 7). However, been carried out on this moleculdlj. The parameters for
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TABLE 3
Details of the vs Bending Vibration—-Rotation Transitions of HCCN Observed Using FIR LMR
N <N’ Parity’ My« M” M(H M®N) eigenstate B, — av/dB, Uncert,
id. #° (mT) (MHz) (MHzmT) (MHz)
FIR Laser Frequency v; = 4080637.2 MHz
10«9 1 10 « 10 12 1«1 311.09 2.511 -10.15 3.0
10« 10 -1/2 1«1 309.20 -2.795 -10.14 3.0

FIR Laser Frequency v, = 3873005.1 MHz

1«2 -l 00 3«1 1 870.60 ¢ -3.299 20.65 4.0
241 l«1 1124.16° 1.104 23.75 4.0

11 1 0«0 1«1 218.40 -1.365 -9.62 1.5
-l -1 172 2«1 450.04 -1.807 21.22 1.5

-1 -1 -172 2«1 448.58 -1.631 21.21 1.5

0«-1 1/2 3¢2 433.46 1.513 20.06 1.5

0« -1 -1/2 3«2 432.37 -0.064 20.07 1.5

0« -1 32 1144.08°¢ 1.719 -19.07 4.0

22 -1 l<1 32 89.33 -0.657 12.28 1.5
L« 1 1/2 1 2«1 208.98 2461 20.69 1.5

l«1 172 0 2«1 209.96 0.754 20.70 1.5

1«1 172 -1 2«1 210.92 0.489 20.72 1.5

1«1 -172 1 2«1 207.00 -0.244 20.67 1.5

1«1 -172 0 2«1 207.89 -0.071 20.68 1.5

1 -172 -1 2«1 208.98 -3.009 20.70 L5

l«1 1«1 847.37°¢ 2217 17.19 4.0

0«0 3«2 53.97 0.735 15.59 1.5

0«0 172 2«1 312.49 0.188 19.78 1.5

0«0 -172 2¢1 311.20 0.350 19.78 L5

0«0 le1 889.56°¢ 3.339 32.79 4.0

-l -1 32 42.80 0.254 16.60 1.5

-1 -1 172 2«1 283.73 -0.766 19.38 1.5

-l e -1 -172 241 282.32 -0.831 19.38 1.5

2«2 2«1 42.80 -1.395 12.06 1.5

0« -1 1«1 890.59°¢ -1.644 33.64 4.0

0«1 1«1 933.68°¢ 0.474 22.06 4.0

33 1 2¢2 l«1 1237.66° 2.723 31.63 4.0
le1 le1 1246.34° 2207 3493 4.0

0«0 l«1 1299.97¢ 2.867 41.39 4.0

4¢3 172 le1 502.78 -0.087 21.57 4.0

4&3 -172 1«1 501.58 -5.716 21.58 0.0

1«2 1«1 1204.11¢ 1.959 28.34 4.0

44 -1 3¢3 1«1 1666.15¢ -1.863 40.21 4.0
2¢2 l«1 1653.03¢ 0.744 40.25 4.0

1«1 l«1 1669.91° -0.711 42.83 4.0

0«0 1«1 1 699.38¢ -1.170 46.47 4.0

1«0 -l 1«1 12 1 le1 415.10 1.120 -22.93 1.5
1«1 172 0 1«1 415.66 1.701 -22.92 1.5

I«1 12 -1 1«1 416.05 -0.037 -22.92 1.5

1«1 -1/2 1 l«1 413.47 0.636 -22.93 1.5

&1 -172 0 1«1 414.06 1.905 -22.93 1.5

11 -172 -1 I«1 414.43 -0.292 -22.92 1.5

2«1 1 0«0 172 1 13 690.32 -1.764 -35.42 1.5
0«0 172 0 1«3 690.81 -1.082 -35.41 1.5

0«0 172 -1 1«3 691.22 -1.536 -35.40 1.5

0«0 -172 1 13 688.85 0.114 -35.42 1.5

0«0 -1/2 0 1«3 689.34 0.794 -35.41 1.5

0«0 -1/2 -1 13 689.74 -0.017 -35.41 1.5

0«0 2¢3 1331.28° -0.381 -14.03 4.0

-1 -1 1«2 1218.75¢ 1.239 -23.47 4.0

a | ower state parity; all transitions are electric dipole allowed. The parityis)¢ for a molecule in a levelNk ax ¢

of a3A” state.
b Eigenstate identification number labels the spin components in order of increasing energy fora given
¢ Resonance observed with hyperfine structure resolved and eigenvalue identification took place at 200 mT.
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TABLE 3—Continued

N« N Parity® My« M" MCH M(*'N) eigenstate Bo —— 6v/EB, Uncert.
id. #° (mT) (MHz) (MHzmT) (MHz)

12 11 929.01°¢ 1.356 -17.01 4.0
0«1 172 2¢-2 1134.38 2.289 -19.41 1.5
0«1 -1/2 2¢2 1132.92 -0.329 -19.43 1.5
0«1 12 1«2 609.39 0.462 -41.84 1.5
0«1 -1/2 1«2 608.23 1.533 -41.83 1.5
1«0 12 1 1«3 717.16 1.438 -31.58 1.5
1«0 172 0 1«3 717.64 1.608 -31.58 1.5
1«0 12 -1 1«3 718.03 -0.793 -31.60 1.5
10 -1/2 1 1«3 715.60 1.330 -31.57 1.5
1«0 -1/2 0 13 716.08 1.496 -31.57 1.5
1«0 -12 -1 13 716.54 1.303 -31.58 1.5
32 -1 2¢2 172 1 1«2 1023.56 -0.420 -40.59 3.0
2«2 172 0 1«2 1023.89 -1.932 -40.61 3.0
2«2 12 -1 1«2 1024.29 -2.472 -40.62 3.0
2¢-2 -1/12 1 12 1022.07 -0.881 -40.58 3.0
2«2 -1/2 0 1«2 1022.41 -1.986 -40.59 3.0
22 -172 -1 1«2 1022.83 -1.714 -40.60 3.0
0«0 12 1 13 1032.39 -0.071 -45.47 3.0
0«0 1/2 0 1«3 1032.67 -0.594 -45.47 3.0
0«0 172 -1 1«3 1032.93 -1.898 -45.47 3.0
0«0 -1/2 1 13 1031.07 0.589 -45.47 3.0
0«0 -1/2 1«3 1031.35 0.067 -45.47 3.0
0«0 -122 -1 1«3 1031.58 -2.602 -45.47 3.0
0«0 172 1 2¢3 1892.28 1.337 -23.63 3.0
0«0 172 2«3 1 892.66 0.220 -23.62 3.0
0«0 172 -1 2«3 189298 -1.967 -23.62 3.0
0«0 -1/2 1 2«3 1 890.71 -0.785 -23.64 3.0
0«0 -1/2 2¢-3 1891.14 -0.718 -23.63 3.0
0«0 -1/2 -1 2«3 1891.53 -1.249 -23.63 3.0
le-1 172 1 13 1068.22 1.463 -48.90 3.0
“1 -1 172 1«3 1 068.66 1.442 -48.89 3.0
-l -1 172 -1 1«3 1 069.05 1.640 -48.88 3.0
-1« -1 -1/2 1 13 1066.73 0.913 -48.90 3.0
-l e -1 -1/72 0 1«3 1067.16 0.401 -48.90 3.0
-l « -1 -172 -1 1«3 1067.54 0.109 -48.89 3.0
22 12 1«2 1 898.76 0.835 -26.04 3.0
22 -1/2 1«2 1897.36 0.887 -26.04 3.0
23 1«1 1220.24¢ 0.922 -17.65 4.0
12 12 1 1«2 1056.84 -0.370 -38.15 3.0
1¢-2 12 0 1«2 1057.17 0.378 -38.16 3.0
3¢2 -1 1«2 172 -1 1«2 105745 -1.004 -38.16 3.0
12 -12 1 1«2 1055.50 0.689 -38.14 3.0
1«2 -1/2 0 1«2 1055.85 2.200 -38.14 3.0
1«2 -1/2 -1 1«2 1056.15 1.580 -38.15 3.0
0«1 1«3 1017.62° -2.416 -46.35 4.0
1«0 12 1 le3 1034.97 1.371 -40.93 3.0
1«0 172 0 1«3 103523 -1.870 -40.94 3.0
1«0 12 -1 1«3 1035.60 -1.044 -40.94 3.0
1«0 -172 1 1«3 1033.57 1.575 -40.92 3.0
1«0 -1/2 0 1«3 1033.90 1.198 -40.93 3.0
1«0 -1/2 -1 1«3 1034.23 0.386 -40.93 3.0
4¢3 1 3¢3 1/2 1 1«2 1410.24 -1.592 -45.65 3.0
33 172 0 1«2 1410.72 -1.739 -45.65 3.0
33 172 -1 1«2 1411.25 -1.155 -45.66 3.0
33 -1/2 1 1«2 1408.68 0.721 -45.64 3.0
3«3 -12 0 1«2 1409.14 -0.340 -45.65 3.0
33 -12 -1 1«2 1409.65 -0.670 -45.65 3.0
2«2 1/2 1 1«3 1401.80 -3.212 -45.36 3.0
22 172 [«3 1402.12 -4.095 -45.36 3.0
2«2 172 -1 1«3 1402.50 -3.648 -45.37 3.0
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TABLE 3—Continued

N« N Parity® My « M M(CH M(N) eigenstate B, VL- Ve dv/oB, Uncert.
id.#° (mT) (MHz) (MHzmT) (MHz)

2672 -12 1 13 1 400.47 1.170 4534 3.0
262 12 0 1«3 1400.77 -0.620 4535 3.0
262 -12 -1 13 1401.15 -0.174 4535 3.0
le-l 12 1 13 1428.87 1.224 5146 3.0
-l -1 12 0 1<3 1429.19 0.785 5146 3.0
1l 12 -1 13 1429.51 1.611 5146 3.0
-1 -1/2 1 13 1427.50 0.939 5146 3.0
el -2 0 1<3 1427.84 1.528 5146 3.0
-l el -172 -1 13 1428.11 0.219 5146 3.0
22 12 1 1<3 1459.46 -1.499 -53.34 3.0
22 12 0 1«3 1459.92 -2.187 5334 3.0
22 12 -1 13 1460.36 -0.968 5333 3.0
2«2 -1/2 1 13 1457.98 0.478 -5334 3.0
22 -172 0 13 1458.47 1387 5334 3.0
22 -1/2 -1 1«3 1458.88 1.003 25334 3.0
3<4 1< 1 152036°  4.338 3109 4.0

54 -1 44 12 1 1«2 179827 0.740 4920 4.0
44 12 0 1«2 1798.80 -0.099 -4920 4.0
44 122 -1 1«2 1799.37 -0.310 4920 4.0
44 -1/2 1 2 1796.58 0.365 -49.19 4.0
44 -172 0 1«2 1797.15 1.493 4920 4.0
44 -1/2 -1 1<2 1797.69 -0.195 4920 4.0
3¢3 12 1 13 1789.79 3.186 4821 4.0
3¢3 172 0 13 1790.18 2.429 4822 4.0
3¢3 12 -1 1«3 1790.60 1.878 4822 4.0
3¢3 -172 1 1¢3 1 788.30 3.924 4821 40
3¢3 -1/2 0 13 1 788.67 2.202 4821 4.0
3¢3 -172 -1 1<3 1789.15 4542 4821 4.0

5¢4 -1 2¢2 -12 1 13 1787.20 1.315 4868 4.0
2¢2 -1/2 0 13 1787.54 2.702 4868 4.0
262 -172 -1 13 1787.84 1121 4869 4.0
11 12 1 13 1808.16 1.950 -52.70 40
11 12 0 1<3 1 808.43 0.927 -52.70 4.0
-l -l 12 -1 13 1 808.69 0.089 25270 4.0
Al -1 -1/2 1 1«3 1 806.81 0.632 5270 4.0
el -12 0 13 1807.11 1.190 5270 4.0
de-l -1/2 -1 13 1807.35 -0.703 5270 4.0
2¢2 12 1 13 1823.44 1.219 -53.88 4.0
2¢2 12 0 1«3 1823.81 1.066 -53.88 4.0
22 12 -1 13 1824.12 -0.602 -53.88 4.0
22 -172 1 13 1822.03 1.385 -53.88 4.0
22 -172 0 13 1822.39 0.692 -53.88 4.0
22 -172 -1 13 1822.70 -0.978 -53.88 4.0
B3e -3 172 1 143 1 848.26 3.078 -54.78 4.0
33 12 0 13 1848.75 2.066 5478 4.0
B33 12 -1 13 1849.21 2.306 5478 4.0
33 -172 1 1¢3 1 846.67 1.577 -54.78 4.0
3«3 -172 0 13 1 847.19 2.206 -5478 4.0
33 -172 -1 13 1 847.60 -0.296 -5478 4.0

FIR Laser Frequency v; = 38481855 MHz

1«2 -l 262 12 1 11 1272.47 0.699 19.66 0.0
262 12 0 11 1272.85 2.456 19.66 0.0
2¢2 12 -1 11 1273.41 2.168 19.65 0.0
262 -172 1 1«1 1271.28 -8.144 19.66 0.0
262 -1/2 0 11 1271.51 -3.440 19.66 0.0
262 -1/2 -1 11 1272.28 -7.854 19.65 0.0
le1 1/2 1 2¢1 611.58 1.612 33.67 L5
1«1 12 0 2¢1 61232 0.610 33.67 15
11 12 -1 241 613.02 1.072 33.66 15
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TABLE 3—Continued

N« N" Patity” My < M" M(H) M"N) eigenstate B, — 8v/oB, Uncert.

id. #° (mT) (MHz) (MHz/mT) (MHz)
1«1 -1/2 1 241 609.82 -1.258 3368 15
11 -1/2 0 2¢1 610.53 -1.244 3367 15
1«1 -1/2 -1 2«1 61124 -1.115 33.67 1.5
le1 2¢1 136939  -3.067 2970 4.0
00 12 1 3¢1 505.71 -0.071 40.81 1.5
0«0 172 0 3¢ 1 506.10 0.692 40.81 1.5
0«0 12 -1 3¢ 1 506.50 0.702 40.81 15
0«0 12 1 | 504.25 -2.059 40.82 1.5
0«0 12 0 31 504.65 -1.713 4082 15
0«0 12 -1 3¢ 1 505.02 -0.487 40.81 1.5
1=l 12 21 1249.25 1.421 2335 4.0
el -1/2 21 1248.16 2368 2334 4.0
1«0 1/2 1 2«1 645.10 0.116 37.05 1.5
140 172 0 2¢1 645.50 -0.041 37.06 15
1«0 1/2 -1 21 645.86 -0.597 3707 15
1«2 -1 10 -1/2 1 2¢1 643.63 0.935 37.05 15
1«0 -1/2 0 2¢1 643.98 2.628 37.05 1.5
1<0 12 -1 241 644.37 0.959 37.06 1.5
0« -1 12 241 102027 -1.755 24.99 1.5
0« -1 -172 2«1 1019.03 0.153 24.98 1.5
23 1 242 12 1 2«1 875.59 2718 4736 1.5
242 12 0 21 876.06 1.861 47.36 1.5
2¢2 12 -1 21 876.55 2.650 4736 1.5
2¢2 -1/2 1 21 874.12 -1.631 47.36 1.5
2¢2 12 0 21 874.55 -0.585 4736 1.5
22 12 -1 21 875.06 -0.736 47.36 1.5
le1 241 1758.76° 0.364 3049 4.0
1«1 31 895.25¢  10.453 4736 0.0
0«0 241 1618.86¢ 0221 47.09 4.0
3¢-4 -l 33 172 1 2«1 1262.36 0.824 5091 3.0
3¢3 12 0 2«1 1262.85 1.778 5091 3.0
363 12 -1 21 1263.40 1.792 5091 3.0
3¢3 -12 1 2¢1 1260.78 -1.429 5091 3.0
3¢3 172 0 2¢1 126127 -0.470 5091 3.0
3¢3 -12 -1 2«1 1261.82 -0.453 50.91 3.0
22 12 1 31 126631 1.693 50.58 3.0
2¢2 12 0 3¢1 1266.66 2510 50.58 3.0
22 12 -1 3¢1 1267.07 1.610 5058 3.0
22 -1/2 1 3¢ 1 1264.92 -0.923 50.58 3.0
262 -1/2 0 31 1265.29 -1.115 50.58 3.0
22 12 -1 31 1265.67 -0.495 5058 3.0
T« 1 1/2 1 3¢ 1 127721 1.988 5128 3.0
11 12 0 3¢1 1277.54 0.128 5128 3.0
1«1 12 -1 3¢1 1277.86 -0.864 5128 3.0
11 12 1 3¢ 1 1275.93 -0.178 5145 3.0
11 -12 0 3¢ 1 1276.20 1.343 5154 3.0
lel -1/2 -1 3¢ 1 1276.48 2.834 5166 3.0
445 1 44 12 1 2¢ 1 1 660.02 2.091 5283 4.0
44 12 0 2¢1 1660.57 2.268 5283 4.0
44 12 -1 21 1661.15 2614 5283 4.0
44 -1/2 1 21 1 658.45 -3.465 52.83 4.0
44 12 0 21 1 658.96 -1.174 5283 4.0
44 -12 -1 21 1659.54 -0.824 52.83 4.0
3¢3 172 1 3¢ 1 1657.59 0.416 5239 4.0
3¢3 1/2 0 3¢ 1 1657.98 1.643 5240 40
3¢3 172 -1 31 1658.45 0.028 5240 4.0
3¢3 12 1 3¢ 1 1656.17 -3.769 5239 4.0
33 -1/2 0 31 1656.58 -3.589 5239 40
33 -1/2 -1 3¢1 1 657.00 2.582 5239 4.0
22 122 1 3¢1 1661.79 -1.185 5258 40
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TABLE 3—Continued

N « N’ Parity’ My« My M(H) M(*N) eigenstate By VL=V, ov/ioB, Uncert.

id. #* (mT) (MHz) (MHz/mT) (MHz)
22 12 0 3«1 1 662.07 0.958 52.59 4.0
22 12 -1 31 166241 0.821 52.59 4.0
1«1 1 1«1 le1 1892.76°¢ 0.755 21.57 4.0
1e1 22 850.60°¢ -2.526 -28.49 4.0
00 172 1 12 769.50 -8.916 -23.26 0.0
0«0 12 0 12 770.23 -4.000 -23.26 1.5
0«0 12 -1 1«2 770.87 -3.335 -23.27 1.5
0«0 -172 1 1«2 768.32 1.933 -23.26 1.5
0«0 -1/2 0 1«2 768.77 0.337 -23.26 1.5
0«0 -1/2 -1 12 769.50 3.095 -23.27 0.0
0«0 33 1071.64° -3.148 -45.45 4.0
-l -1 2¢2 1922.33¢ -2.721 -19.83 4.0
12 2«1 1088.76° 0.432 -40.42 4.0
01 3«2 996.05 ¢ 1.468 -43.69 4.0
2«2 -1 2«2 12 12 528.78 -1.166 -20.73 1.5
22 -172 le2 527.57 -1.269 -20.75 1.5
2«2 22 1427.29°¢ -2.168 -44.52 4.0
1«1 12 1 1«3 222.14 0.283 -40.74 1.5
1«1 1/2 0 1«3 22240 -0.565 -40.65 1.5
1«1 172 -1 1¢3 222.73 -0.680 -40.25 1.5
1«1 -1/2 1 1«3 220.76 -1.704 -41.05 1.5
le1 -172 0 13 221.09 0.189 -41.04 1.5
1«1 -1/2 -1 13 221.44 0.283 -41.07 1.5
0«0 13 225.07° 1.082 -39.85 4.0
0«0 3«3 1431.44° -1.624 -50.58 4.0
-1 -1 172 1 12 756.63 -1.883 -26.62 3.0
“le-1 172 0 1«2 757.08 -2.445 -26.63 3.0
-l -1 12 -1 1«2 757.59 -1.509 -26.64 3.0
-1 -1 -1/2 1 1«2 755.24 2.963 -26.61 3.0
-l -1 =172 0 12 755.69 2.401 -26.62 3.0
-l -1 -1/2 -1 1«2 756.15 2.005 -26.63 3.0
-l -1 172 1 1<3 229.08 -1.787 -36.26 1.5
-l -1 172 0 1«3 229.53 -1.562 -36.27 1.5
-l -1 12 -1 1«3 229.93 -1.534 -36.28 1.5
le-1 -1/2 1 13 227.64 0.274 -36.25 1.5
-1 -1 -1/2 0 13 228.08 0.132 -36.26 1.5
le-1 -172 -1 13 228.51 1.245 -36.27 1.5
1«2 3¢2 1431.70°¢ 3.207 -47.47 4.0
2«1 2¢3 1387.36¢ 0.274 -44.50 4.0
0«1 33 1418.85° -0.667 -50.13 4.0
1«0 3¢3 1407.38° 0.053 -47.67 4.0
3¢3 1 3¢3 172 1«2 642.28 -2.210 -21.64 1.5
33 -1/2 1«2 641.01 -2.097 -21.65 1.5
3«3 2«2 1 835.47¢ 1.521 -50.28 4.0
22 3«3 1809.27¢ -0.595 -50.77 4.0
262 172 1 1«3 158.27 -0.739 -37.65 1.5
22 172 0 1«3 158.64 -1.867 -37.66 1.5
2«2 172 -1 1«3 159.14 -0.186 -37.67 1.5
3«3 1 2«2 -1/2 1 1¢3 156.83 0.570 -37.64 1.5
2«2 -172 0 1«3 157.26 1.702 -37.65 1.5
2¢2 -172 -1 1«3 157.73 2.252 -37.67 1.5
1«1 172 1 13 183.92 0.731 -38.28 1.5
le1 12 0 1«3 184.21 -0.828 -38.28 1.5
le1 172 -1 1«3 184.54 -1.502 -38.31 1.5
1«1 -1/2 1 1«3 182.54 1.622 -38.27 1.5
1«1 -1/2 0 13 182.84 0.438 -38.27 1.5
1«1 -1/2 -1 1«3 183.17 -0.219 -38.30 1.5
0«0 172 1 1«3 20545 1.113 -39.06 1.5
0«0 172 0 1«3 205.69 -0.651 -39.06 1.5
00 172 -1 1«3 205.95 -1.755 -39.05 15
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TABLE 3—Continued

N « N Parity? My « My M(H MN) eigenstate B, VL— Ve &v/0B, Uncert.
id. #° (mT) (MHz) (MHzmT) (MHz)

00 -172 1 143 204.09 0.639 -39.06 1.5
00 -1/2 0 1«3 204.43 2.780 3907 15
00 172 -1 1<3 204.71 2.457 3907 L5
Sl 12 1 1<3 209.24 0.001 3655 L5
1e-l 12 0 1<3 209.61 0.304 3656 1.5
-1 12 -1 13 209.95 0.289 3657 L5
-1 -1 -172 1 13 207.80 -1.105 3654 1.3
11 12 0 13 208.20 0.291 3656 1.5
-1 -172 -1 13 208.57 1.369 3657 15
44 -1 44 12 12 723.89 2374 2253 30
4eg 172 le2 722.52 2.730 2254 3.0
3¢3 12 1 13 138.96 3.377 3597 15
3¢3 12 0 13 139.39 2.008 3599 15
3¢3 12 -1 13 139.89 1.402 3601 15
3¢3 -122 1 13 137.25 2.758 3595 15
3¢3 12 0 1<3 137.74 -1.970 3597 LS
3¢3 -122 -1 13 138.24 2.584 3599 15
33 12 2¢3 513.24 1.090 2146 15
3¢3 -12 243 512.07 0.588 2148 15
2¢2 12 2¢3 395.31 -0.137 2198 15
2¢2 -172 243 394.18 0.145 2199 15
11 122 1 1«3 179.91 0.479 3644 15
11 12 0 13 180.18 -1.403 3644 15
11 12 -1 1«3 180.49 -1.965 3647 15
11 -172 1 13 178.53 1.194 3643 15
1«1 -172 0 13 178.87 1.850 3643 15
11 -172 -1 13 179.21 2412 3647 15
5¢5 1 5¢5 12 1«2 786.01 0.556 2331 40
5¢5 172 1¢-2 784.45 -2.669 2332 40
44 12 1 143 136.25 -0.894 33531 15
44 12 0 1<3 136.74 -1.382 3532 15
44 12 -1 1«3 137.30 -0.914 3534 0.0
44 -12 1 13 134.70 0.189 3530 15
44 12 0 13 13521 0.406 3531 15
44 172 -1 13 135.77 0.868 3533 15
44 12 2¢3 582.71 -0.956 2177 15
55 1 44 -2 2¢3 581.54 -0.475 2178 15
262 12 1 13 166.69 -1.710 3549 15
2¢2 12 0 13 167.03 2.549 3551 15
2¢2 12 -1 13 167.41 -2.861 3553 15
262 -172 1 13 165.34 2.068 3548 15
262 12 0 143 165.64 -0.181 3550 15
2¢2 -172 -1 13 166.05 0.577 3552 15
1«1 1/2 1 13 185.31 2.384 3611 15
11 12 0 1<3 185.54 -0.732 3605 1.5
lel 12 -1 1<3 185.79 2.019 3621 15
66 -1 5¢5 12 1 1<3 140.57 -0.537 3503 15
55 12 0 13 141.09 -0.766 3504 15
5¢5 12 -1 13 141.60 -2.698 3506 1.5
55 12 243 645.21 -1.163 2226 15
5¢5 -112 2¢3 643.95 -1.482 2227 15
3¢3 12 1 13 163.95 0.429 3554 15
3¢3 172 0 1<3 164.35 0.231 3555 L5
3¢3 12 -1 1<3 164.82 1.680 3557 13
3¢3 -172 1 1<3 162.41 -1.289 3551 15
33 -12 0 13 162.85 -0.070 3553 15
3¢3 -12 -1 1¢3 163.22 -2.184 3555 15
242 -12 1 13 177.10 2215 3584 15
2¢2 -1 0 1<3 17745 2.871 3591 15
242 -12 -1 13 177.78 2.176 3598 1.5
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TABLE 3—Continued

N « N Parity® My « My"

M (H) M (*N) eigenstate

Bo VL — Ve

&v/oB, Uncert.

id. #° (mT) (MHz) (MHz/mT) (MHz)
77 1 66 12 2¢3 701.18 -1.328 -22.80 15
6«6 -12 2¢3 699.92 -0.451 2281 15
le0 -1 00 172 1«1 1458.16 -0.574 2568 3.0
0«0 -1/2 1«1 1456.72 -0.026 2567 3.0
0«1 le1 754.84¢ 1.576 -45.03 4.0
FIR Laser Frequency v, =3 696 638.2 MHz
7«8 -1 848 172 1 1«1 671.93 7.332 23.86 0.0
8«38 12 0 le1 672.74 2.595 23.86 3.0
8«38 12 -1 11 673.28 4.329 2386 3.0
8«38 -1/2 1 11 670.66 -4.444 23.88 3.0
8«38 -12 0 T«1 671.23 -3.450 2387 3.0
8«8 -1/2 -1 L1 671.93 -5.532 2387 00
o 12 1 242 178.34 -1.203 2217 3.0
77 12 0 22 179.15 -0.452 -22.15 3.0
T -7 12 -1 2¢2 179.99 0.904 2213 3.0
7«7 -172 1 2¢2 176.54 0.535 2218 3.0
-7« -7 -1/2 0 22 177.30 0.184 2217 3.0
-7 «-7 -1/2 -1 2¢2 178.24 3.764 -22.15 3.0
TABLE 4
Details of the Microwave Data for K, = 0 Included in the Least-Squares Fit (MHz)
N «N'  Parity” J«J F'«F"? F « F" Frequency obs. - calc. Uncert.
1«0 1e-1 0«1 1232 32572 6 746.144 -0.001 0.005
1+-1 0«1 172 <312 32«32 6769.532 -0.002 0.005
Te-1 0«1 1/2 «3/2 12« 3/2 6 769.450 -0.002 0.005
le-1 0«1 12«32 1212 6 781.325 0.001 0.005
1«-1 0«1 12«12 32«32 6 686.830 -0.002 0.005
l -1 0«1 12«12 12«32 6 686.762 0.012 0.005
le-1 0«1 12«12 32« 172 6 713.791 -0.006 0.005
1-1 2«1 52«32 72« 5/2 21222.968 0.000 0.005
1¢-1 2«1 5/2 <372 5/2 « 5/2 21 199.230 -0.004 0.005
1e-1 2¢1 32«32 512« 512 21279.424 0.002 0.005
1e-1 2¢1 512 <372 52« 3/2 21 222.622 0.000 0.005
1¢-1 2«1 5/2«3/2 3232 21208.130 -0.006 0.005
-1 2«1 3232 52«32 21302.312 0.001 0.005
le-1 2¢1 32«32 32«32 21277.895 0.001 0.005
le-1 2«1 32«32 172 < 3/2 21 264.580 0.001 0.005
1¢-1 2«1 5/2« 372 32«12 21220.018 0.010 0.005
-1 2«1 3R <32 32«12 21 289.765 -0.001 0.005
-1 2«1 32«32 12«12 21276.450 -0.001 0.005
1«-1 2¢1 32«12 5/2«3/2 21220.108 -0.001 0.005
l«-1 2«1 32«12 3/2« 32 21 195.191 -0.002 0.005
1e-1 2«1 32«12 32«12 21222.160 0.002 0.005
1-1 2«1 32«12 12172 21 208.840 -0.002 0.005
S5¢«4 1¢-1 4¢3 110 046.222 -0.062 0.050
65 -1«1 7«6 131 762.851 0.031 0.050
“1¢«1 65 131 833.305 -0.041 0.050
-le1 54 131 956.227 0.027 0.050

aThe parity is—(—1)X¢ for a molecule in a leveNg ax ¢ of a3 A” state.

b Unlike Endo and Ohshimal. (), we use the following coupling scheme in our fit:+ |y = F1; F1 + Iy = F.
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TABLE 5
Details of the Millimeter-Wave Data Included in the Least-Squares Fit (MHz)
N « N’ Parity ¢ J«J Frequency obs. - calc. Uncert.
K,=0«<0 (vs=0)
T« 6 l -1 8«7 153 746.186 -0.002 0.050
T<6 153 804.033 -0.020 0.050
6«5 153 894.083 0.019 0.050
87 -1¢1 9«8 175 724.839 -0.003 0.050
87 175 774.042 -0.018 0.050
7«6 175 844.436 0.004 0.050
9«8 le-1 109 197 700229 0.012 0.050
9«8 197 743235 -0.031 0.050
8«7 197 800.949 -0.005 0.050
11« 10 Te-1 12 « 11 241 643.862 0.024 0.050
1110 241 678.864 -0.013 0.050
109 241721721 0.016 0.050
12«11 1«1 13«12 263 612.732 0.003 0.050
12«11 263 645.074 -0.008 0.050
11«10 263 683.362 0.028 0.050
1312 1¢-1 14«13 285 579.866 0.005 0.050
13«12 285610.199 0.113 0.000
12 « 11 285 644.872 0.013 0.050
15«14 1¢-1 16 « 15 329 508.958 -0.024 0.050
15« 14 329 536.100 0.008 0.050
14«13 329 566.060 0.053 0.050
16« 15 -1¢1 17« 16 351470912 -0.032 0.050
16 « 15 351 496.907 0.013 0.050
15« 14 351 525.028 -0.044 0.050
1716 1-1 18 « 17 373 431.074 -0.042 0.050
17«16 373 456.104 0.009 0.050
16 < 15 373 482.897 0.047 0.050
18 « 17 “1«1 19 « 18 395 389.451 0.015 0.050
18« 17 395 413.622 0.027 0.050
17«16 395 439.123 -0.046 0.050

K,=1«1 (v5=1)

5«4 -1 6«35 109 458.916 0.268 0.000
4¢3 109 475.559 0.182 0.000

—-l1¢1 6«35 109 880.665 0.194 0.000

5«4 110 506.607 -0.407 0.000

4¢3 109 795.338 0.169 0.000

T« 6 11 8«7 153 435.756 -0.013 0.050
7«6 153 710.864 -0.007 0.050

65 153 530.900 -0.078 0.050

-1¢e1 8«7 154 013.297 0.001 0.050

7«6 154 267.679 0.012 0.050

6«5 154 065.335 0.070 0.050

8«7 1«1 9«8 175 394.595 0.037 0.050
8«7 175 590.858 -0.042 0.050

T« 6 175 486.885 -0.030 0.050

1« -1 9«38 176 051.160 -0.047 0.050

8«7 176 232.257 -0.042 0.050

7«6 176 112.219 -0.066 0.050

9«38 -1 109 197 344.217 0.005 0.050
9«38 197 491.533 -0.042 0.050

8«7 197 430.082 -0.036 0.050

—1le1 109 198 080.413 -0.033 0.050

9«8 198 216.149 -0.016 0.050

8«7 198 142.697 -0.022 0.050

aThe parity is—(—1)X¢ for a molecule in a leveNk ax ¢ of a3 A” state.
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TABLE 5—Continued

N « N Parity * J«J Frequency obs. - calc. Uncert.
11« 10 -1 12« 11 241227376 0.000 0.050
11«10 241 320.356 -0.026 0.050

10 <9 241300410 0.008 0.050

—-l+«1 12 < 11 242 123.578 -0.036 0.050

11«10 242 209.289 0.017 0.050

10 <9 242 181.954 0.059 0.050

12 « 11 —-l«1 13«12 263 163.610 0.020 0.050
12«11 263 240.772 -0.044 0.050

11 « 10 263 231.355 0.015 0.050

1 -1 13«12 264 140.047 -0.032 0.050

12«11 264211316 0.017 0.050

11«10 264 195.847 0.035 0.050

13«12 1e-1 14«13 285097.131 0.013 0.050
13«12 285162.719 -0.043 0.050

12«11 285160417 0.019 0.050

1«1 14 « 13 286 153.921 -0.035 0.050

13«12 286 214.666 0.047 0.050

12 « 11 286 207.345 0.052 0.050

15« 14 1 -1 16 « IS5 328 957.339 0.042 0.050
15«14 329 007.612 0.092 0.050

14 « 13 329 013.742 0.122 0.050

-l 1 16 < 15 330 175.029 0.030 0.050

16 « 15 “le1 17« 16 350 884.230 -0.003 0.050
16 « 15 350 929.250 0.044 0.050

15« 14 350 937.924 0.071 0.050

«-1 17« 16 352 182.470 0.065 0.050

17« 16 -1 18«17 372 809.086 -0.051 0.050
17« 16 372 849.920 -0.012 0.050

16 « 15 372 860.463 0.009 0.050

1«1 18«17 374 187.913 0.128 0.050

17«16 374 225.892 -0.093 0.050

16 « 15 374 233.885 -0.058 0.050

18 « 17 1«1 19« 18 394 731.966 -0.044 0.050
17« 16 394 781.243 -0.109 0.050

1«-1 19« 18 396 191.071 -0.054 0.050

18 « 17 396 226.374 0.067 0.050

17« 16 396 235937 -0.078 0.050

HCCN and NCN, in particular, should be comparable becaussationalg-factor g**. A deviation from cylindrical symmetry
these molecules are isoelectronic. Indeed, the valubs fandc  was not detectable for either parameter. The electron gpin
are very similar. Using a value for the spin density on N in NClfactors were been determined previously by Bernhetiiad. (3)
of 0.5, the value obg for HCCN implies a spin density on the Nfor a randomly oriented sample in a glassy medium. Their val-
atom of 0.55, broadly in line with the value of 0.34 obtained byes wereg; = g2 = 2.073 andg, = 1/2(g% + g<%) = 2.013
Endo and Ohshimal(). The valued = 1/2[(bb), — (cc),] for although they state that the former parameter was not well dete
HCCN is very different from that for CCN. However, these twanined. The agreement with the present values is very poor. Th
values are not really comparable since the interaction goverrdisicrepancy probably reflects the difficulty of interpreting ESR
by this parameter arises solely from electrons intjmolecular spectra of randomly oriented samples. The present values c:
orbital. There is only one such electron in CCN but there asdso be compared with the expectations of Curl’s relationshiy
two for HCCN; in the latter case the contributions from the tw(42),
electrons almost cancel.

Another of the merits of the LMR experiment is that it pro- AQ =0 — s = —Eau/(2Bua), [3]
vides quantitative information on the Zeeman parameterg-(or
factors) of molecules. In the case of HCCN, we have been ablberegs is the isotropicg-factor for an electron spin. Taking
to measure components of the electron gpfactorgs® and the gs as 2.0020 (corrected for the relativistic increase in the mas
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TABLE 6
Molecular Parameters for HCCN Determined in the Analysis of the K, = 1 — 0 Band
Parameter Value (MHz) Value (cm™)
A 3 875 550.09 (12)° 129.274 435 9 (40)
1/2(B + C) 10 986.408 76 (75) 0.366 467 150 (25)
12(B-C) 40.561 6 (12) 0.135299 1 (40) x 10
Dy 0.416 88 (16) x 107 0.139 056 (53) x 10°®
Dk —2.116 08 (94) —0.705 85 (31) x 10
4 —-0.576 (12) x 10° -0.1921 (40)x 10°
Hyx ~0.351 20)x 10 ~0.117 1 (67) x 10°
a 8 987.056 6 (38) 0.299 775 94 (13)
B 853.43 (28) 0.028 467 4 (93)
@y 0.363 (41)x 102 0.121 (14) x 10°¢
D% -267.32 (22) —0.891 68 (73) x 107
H%y -0.229 (53) x 102 -0.76 (18) x 107
o —8.47 (41) -0.283 (14)x 10°
1/2(em + &) -16.763 0 (21) -0.559 153 (70) x 10°
12(&0 — &) —0.554 (14) —-0.184 8 (47)x 10
(D + Do) 0.671(10) 0.2238(33)x 10*
Do —-0.84 (11) -0.280 37)x 107
Dy 0.38 (13)x 10™ 0.127 (43) x 10
ax(H) -41.72273D -0.139 172 (10) x 102
(aa); (H) 21.950 4 (81) 0.73219 (27 x 107
(bb); (H) -5.84 (31) -0.195 (10) x 107
(co)r (H) —16.11°% -0.5374x10°°
ar(N) 11.573 8 (19) 0.386 060 (63) x 10
(aa); (N) ~18.853 5 (50) -0.62889(17)x 107
(bb) (N) 7.46 (21) 0.248 8 (70) x 10
(ee); (N) 11.39¢% 0.3799x 10°°
(aa)p (N) —1.948 1 (34) —-0.6498(11)x 107
(bb)o N) 0.974° 0.325x 10™°
&% 2.002 238 (42)
172(g"s + g%%) 2.002 785 (34)
1/2(g%s— g%5) 0.0°
g —0.000 128 (60)
12(g", + g) ~0.000 050 (22)

172(", - &%,

00°

2 Numbers in parentheses are one standard deviation and apply to the last quoted digits.

b Not and independent value, determined fram){ + (bb), = —(cc); .
¢ Parameter constrained to this value in the fit (see text).

of the electron in a molecular environment), we obtain valu€s66 on G from Endo and Ohshimall), we estimate; to

for g2 and /2(gP® + g<°) of 2.0020 and 2.0028, respectivelybe 43.1 cm? in HCCN. This givesg??(el) = —0.66 x 107°

The agreement with the present values in Table 6 is very goaid 3/2(gP° + g=)(el) = —0.130x 10~4. The corresponding

increasing confidence in our analysis and interpretation. experimental values (see Table 6) are somewhat larger in ma
The values for the rotationgtfactors of HCCN are eminently nitude, which is surprising because the nuclear contribution t

reasonable. The electronic contribution to thggactors can be these rotationaj-factors is expected to be positive. The formula

estimated from the expression given by Brown and Sets ( in Eq. [4] is unlikely to be very reliable fog?? because this
g-factor will also have a contribution from vibrational angular

g (el) = ~leaal /¢, (4] momentum in thess = 1 level.

where¢ is the effective spin—orbit coupling constant for the The accurate characterization of thg, = 1 < 0 transi-
open-shell electrons. Using the spin densities of 0.34 on N atiah frequencies for HCCN provides a distinctive and sensitive
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TABLE 7
Molecular Parameters for HCCN, Expressed in the Linear Molecule Notation
Parameter Value (MHz) Value (cm™) Previous Value Ref.
Vs 3 864 563.68 (12) “ 128.907 968 7 (40) 128.907 (2) (15)
By 10 986.408 76 (75) 0.366 467 150 (25) 10 986.408 7 (4) (13)
Dy 0.416 88 (16) x 10 0.139 056 (53) x 10°® 0.416 87 (9) x 102 (13)
% - 16.763 0 (21) —0.559 153 (70) x 107 - 16.737(8) (13)
Yoo 0.38(13)x 10 0.127 43)x 10® ~0.108 38)x 107 n
A 13 480.584 9 (57) 0.449 663 91 (19) 13 480.575 (11) 2]
Apo 0.544 (62) x 107 0.182 21)x 10° 0.55(3)x 102 (U3
B 10 988.5248 (12) 0.366 537 735 (40) 10 988.5251 (3) (13)
D, 0.420 39 (26) x 107 0.140 227 (87) x 10°® 0.420 42 (6) x 107 (13)
% —16.092 (10) —0.536 77 (34) x 107 -16.119 (3) (13)
A 13 079.60 (33) 0.436 289 (11) 13 062.6 (3) (13)
Abi 0.201 (100) x 107 0.670 (334) x 107 0.35(3)x 107 (13)
o —853.43 (28) —0.284 674 (93) x 10" —853.0(3)¢ 13)
Po ~0.554 (14) —0.184 8 (47 x 107 ~0.579 (8) ¢ (13)
g —40.561 6 (12) ~0.135299 1 (40) x 10° —40.5607 (6) € (I3)
dop 0.1152 24)x 107 0.384 3 (80) x 10® 0.113 (1)x 103 ¢ (13)
b ("H) 41,7227 (31) —0.139 172 (10) x 102 —41.723 (9) un
c(‘H) 32.926 (12) 0.109 828 (41) x 107 32.91(7) un
be (“N) 11.573 8 (19) 0.386 060 (63) x 107 11.573 (6) un
c ("N) —28.2803(75) —0.943 33 (25)x 107 —28.291(43) uan
eQqo (“N) —3.896 2 (68) —~0.129 96 (23)x 107 —~3.897 (20) un

aThe numbers in parentheses represent one standard deviations of the least-squares fit, in units of the last quoted

decimal place.

b The values for the parameters obtained by other workers are given in MHz, with the exception ofithattimh
is given in cnrl.

¢ McCarthyet al. (13) determined values for the lambda-type doubling parametepsand g which have the
opposite signs.

way of detecting the molecule in remote sources such Ber this reason, itis desirable to obtain information on the loca:
the circumstellar shells or the interstellar medium. To aiibnoftheK, = 2levels (whichcorrespondtothe= 2,15 = 2
this process, we have calculated the zero-field frequencieslefels in the linear designation) and also of higher levels. Ac-
the first few lines in theP, Q, and R branches from the para- cording to the intensity measurements of McCarhwl. (13),
meters in Table 6. For the sake of simplicity, nuclear hyperfiriewe scale the levels by the same ratio we have determined fc
structure has not been included. The results are given in Tableevs = 1 (129 cnm/145 cnt! = 0.89) then theK, =2 « 1

The degree of quasi-linearity of HCCN cannot be assesssbband is expected to occur between 150 and 196 ¢4n50
from the K; = 1 < 0 data set by itself. As we have seen, and 5.70 THz). We are currently searching for HCCN signals in
linear and a bent model of the molecule can fit it equally welthis general region.

TABLE 8
14N Hyperfine Parameters (in MHz) for HCCN and Related Species in Their Ground Electronic States
Parameter HCCN“? NCN® CCN°¢
bg 11.573 8 (19) 14.1 9.13 (25)
c -28.280 3 (75) 25.9 -30.92 (75)
d -1.97 (10) 46.767 38 (53)
e0qo -3.896 2 (68) -4.822'1(14)
2 This work.
b Ref. 42)
¢Ref. 37)
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TABLE 9
Zero-Field Frequencies for the K, = 1 «— 0 (vs = 1 « 0) Transition Calculated Using the
Molecular Parameters Determined in This Work?

N « N J < J Parity © Frequency (MHz) Line strength
T«2 2«3 -1 3 823 188.943 1427
12 3 803 853.846 308
0«1 3 834 702.197 471
2«3 3«4 -1« 1 3799 832.766 2304
2«3 3794 200.931 1269
le2 3 802 662.952 1052
3«4 45 -1 3777 236.107 3115
3«4 3774 360.840 2184
2«3 3777 917.620 1793
45 5«6 1«1 3754 858.339 3862
4«5 3753 141.888 2997
3«4 3754 987.585 2518
5«6 6«7 -1 3732 554.171 4543
5«6 3731439.124 3726
45 3732 506.748 3202
6«7 7«8 ~1 1 3710 269.589 5156
6«7 3709 508.038 4378
5«6 3710 157.698 3834
7«8 8«9 -1 3687 980.517 5698
7«8 3 687 444.850 4955
6«7 3 687 844.241 4405
8«9 9«10 ~l 1 3 665 674.859 6167
8¢9 3665292.485 5458
7«8 3665 530.200 4912
9«10 10 « 11 l -1 3 643 345.996 6562
9« 10 3643 072.488 5887
8«9 3643 199.728 5352
1«1 2«2 ~le1 3867 087.615 3713
11 3847441.084 330
2«2 3¢3 1 -1 3 866 049.923 5683
2«2 3859772259 2972
1«1 3870 843.454 1638
33 44 1«1 3865761.177 7486
33 3 862 030.579 5096
2¢2 3 867 540.350 3648
4«4 535 L« -1 3 865 734.444 9175
44 3863 053.113 6971
33 3 866 605.675 5516
5¢5 6«6 -1« 3 865 843.020 10757
5«5 3 863 698.091 8681
44 3 866 354.548 7230
6«6 7«7 1e-1 3 866 040.916 12226
66 3864 207.197 10250
5«5 3866 378.936 8811
7«7 8«8 1«1 3 866 308.023 13574
7«17 3864 670.812 11684
66 3 866 550.135 10266
8«8 9«9 1«-1 3 866 634.386 14793
8«8 3 865 129.053 12981
7«7 3866 817.988 11591
9«9 10« 10 1«1 3867014.614 15875
9«9 3865 601.952 14137
8«8 3 867 159.754 12783
10 « 10 11«11 l -1 3 867 445.576 16814
10«10 3 866 100.423 15150
9«9 3 867 563.910 13835

2 Hyperfine structure is ignored and onyJ = AN transitions are given, except fof = 1 < 0.
b The parity is—(—1)X¢ for a molecule in a leveNk ax c of a3A” state.
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TABLE 9—Continued

N «N" J e J Parity b Frequency (MHz) Line strength

1«0 2«1 1« -1 3 888 035.329 2894
1«1 3881482316 2068

0«1 3 897 096.362 417

2«1 32 -l &1 3909 190.657 3767
21 3904 064.471 2413

1«0 3924 987.193 458

3«2 4«3 1«1 3930 737.065 4655
32 3928 169.095 3410

2«1 3932 797.702 1901

4¢3 S« 4 -1« 1 3952 397.503 5538
4«3 3950 894.158 4356

32 3953 245.350 3096

5«4 6«5 le—1 3974 088.887 6403
S5« 4 3973 134.510 5267

43 3974 509.231 4132

6«5 T« 6 1«1 3995 778.597 7238
6«35 3995 145.437 6138

54 3996 007.961 5079

T« 6 8«7 1-1 4017 451.548 8031
T« 6 4017 022.963 6965

6«5 4017 582.736 5960

8«7 9«8 1«1 4039 099.919 8775
8«7 4038 809.811 7741

7«6 4039 175.586 6779

9«8 10«9 1 -1 4060 719.289 9462
9«8 4 060 527.326 8459

8«7 4060761272 7534
10 <9 11« 10 —“le1 4082 306.982 10084
10 <9 4082 187.120 9112

9«8 4082 327.372 8223

11« 10 1211 1«-1 4103 861.283 10635
11«10 4103 795.930 9696

10«9 4103 867.184 8841
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