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Bending vibration—rotation transitions between the (O&é).~ and (000)’Il, vibronic states of the CCN radical in its
ground electronic state have been observed using far-infrared laser magnetic resonance (FIR LMR) spectroscopy. Thirteen FIR
laser lines were used to record 769 resonances. The LMR data, combined with previous data, were used to determine
vibrational, Renner—Teller, fine-structure, rotational, hyperfine, and molegifiéator parameters using a least-squares fitting
routine. The model used was & effective Hamiltonian modified to include the Renner—Teller effect explicitly fila
electronic state. The band origin for th@10) w3~ < (000) X?II, transition was determined to be 179.59817®.000067
cm . The spin—orbit splitting in the ground state was refined and the complete $Btljperfine parameters determined for
the first time.
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INTRODUCTION addition, they observed the Renner—Teller effect fihalec-
. _ _ tronic state for the first time.

Merer and Travis X) made the first spectroscopic observa- Since the work by Merer and Travis, there have been sever
tion of CCN in 1965. Since then, this free radical has been teghsequent studies of tH¢A, < X°II, transition 3—7, 12
subject of numerous experimental and theoretical investiggd one of theC2S " « X211, transition (L5). Kakimoto and
tions 2-16. One of the main reasons for studying CCN is itk asuya 8) were able to improve upon the molecular parame
astrophysical importance. Many carbon-containing and mog&s determined for the zero-point levels of both ¥7&l, and
specifically carbon-chain species have been detected in s’[e}iagi electronic states. Hakuta and Ueha#) ¢sed an A#
and interstellar object). So far, observations of CCN havegqer to pump the CCN radical into tA&A, state and observed

not F’e,e” SfUCCﬁSSful, although the molecular constahnts ﬁ‘ﬁ‘g resulting LIF. From these measurements, they were able
predictions for the ground state are very accuradg. (Another determine vibrational and vibronic parameters for CCN in the

very important reason for the continued interest in CCN is thﬁbn state. Bernath and co-worke reported two studies
it exhibits the Renner—Teller effect, which is the couplin ' ' 56 rep

e ; . f the A%A, «<— X?II, transition. They were able to determine
between the bending vibrational and electronic orbital angular. _.. . . .

g ; e rotational constants for CCN in several vibronic levels and
momenta. This interaction poses difficult problems for bOtrkﬁore importantly. thev determined the Renner—Teller an
theoreticians and experimentalists. Pod@) (was the first to P Y, y

work out the mathematical details needed to calculate thghsrvtlbrft;lglotnalfplirimetfrs m(tjhf(ground stéiﬁlh aof)l(r)nlla(r)oo
vibronic energy levels for a nonrotating triatomic molecule i udy to that of Kakimoto and Kasuya on the (000)-(000

a 7I1 state. Soon afterwards, Hougeh8) added to this by ransition, Kawaguchet gl.(7)~r2ecorded~ Ehe hot bands (010)-
working out the energy level expressions for a rotating tri910) and (020)~(020) in thé&’A, < X711, transition. The
atomic molecule in &IT state. The work by Merer and TravisWork by Kawaguchiet al. (7) determined many important
laid the groundwork for understanding the electronic structuBg€CtrOSCopic parameters for several vibronic levels in both t
of CCN. They observed the absorption spectra ofiha, — A°A: andX’Il, states. In addition, there have been microwav:
K2I1,, B2S,~ < X7I1,, andC2S* « X?II, electronic transi- Studies of CCN in both th¥*IT, , (14) and theA®A, (8) states
tions. From these measurements, they determined rotatioNglere hyperfine structure was resolved and analyzed. Bond
fine-structure, and some vibrational parameters for CCN. ¢y and English9) were able to observe CCN at low temper-
atures trapped in an argon matrix where they determined valu
Supplementary data for this article are available on the journal home for v, andw; and estimated a value fag. Jacox L0) was also
(http:/p/5vww.acad>;micpress.com/jms) and as part of the OhJio State UniveF:’st ccessful in observmg CCN in a Iow-temperature matrix

i . . :
Molecular Spectroscopy Archives (http://msa.lib.ohio-state.edu/jmsa_hp.hterpre repenFIy, studies of the, band in the grounq electronic
! National Research Council Postdoctoral Fellow. state with diode—lased®) and CO LMR (3) techniques have
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been reported further improving the molecular parameters. Tiirst is that the Zeeman-modulation frequency was increase
most recent paper was by Kohgueial. (15) on theC?S,* «<—  from 13 to 40 kHz, with a proportionate increase in sensitivity
XTI, transition. Their study was only the second of thi§he second is that the diameter of the tube, which compris:
transition after the first observation by Merer and Travis. Thelie pump region of the LMR spectrometer, was reduced fror
were able to observe progressions in all three of the vibratiorf.4 to 19 mm. Reduction of the diameter of the tube increast
modes and determined molecular parameters for CCN in tie overlap of the FIR radiation field at short wavelengths witl
C?> " state. Moreover, they were able to construct the vibronibe pumped lasing gas. This increases both the power of FI
structure for the ground electronic state and determine sevdealer lines below 10Qum and the number of lines lasing at
vibronic parameters including the Renner parameter using é¢iese shorter wavelengths. These improvements have prov
pressions derived by perturbation theory. particularly important for the present experiment because &
This paper reports the first direct measurement of ithe the vibronic transitions observed for CCN are at wavelength
bending vibrational transition(010) u°S~ < (000) X?II,, well below 100um. The signals were detected with a gallium-
and the most complete and accurate set of molecular paramermanium photoconductor, processed by a lock-in amplifier :
ters for the(000) X*I1, and (010)x3. " vibronic states. The f, and recorded with ary plotter as a function of flux density.
data were analyzed explicitly using &f Hamiltonian modi ~ Sincef detection using magnetic modulation was employec
fied to include the Renner-Teller interaction forld state. the first derivative of the absorption profile was observed.
This method of analysis is more reliable than the use of The CCN radical was produced using the method of hydrc
expressions derived from perturbation theory, which becorgen extraction by atomic fluorine, which has been prove
unreliable when the Renner parameteis large (0.418 for effective in previous investigation®21). The fluorine atoms
CCN). The data set includes observations from the presevere generated by flowing 10% f He through a microwave
study of the FIR LMR spectrum, microwave data of CCN idischarge. Acetonitrile (CHCN) and helium were added
the X?I1,,, state reported by Ohshima and Endal)( spin— downstream, where the fluorine atoms removed the hydroge
orbit transition datag, 7), and vibronic transition datd(15. atoms, resulting in the production of CCN. A pale purple flame
The spin—orbit data were calculated from differences betweeas observed when the production of CCN was optimized. Tt
two rovibronic lines in theA?A; <— X?II, electronic transition helium introduced with the acetonitrile acted primarily as &
that share the same upper state, but have different lower statastier gas and pushed the reaction zone down into the las
for example, beam, generating larger signals. The partial pressures of t
gases at which optimal signals were obtained were 53 Pa (4
P(J") = Quy(J") — Ry(J" — 1) [la] mMTorr) 10% F in He, 4 Pa (30 mTorr) acetonitrile, and 53 Pa
(400 mTorr) He. Two checks were performed on most of th
transitions to confirm that the signals were due to CCN. Ace
tonitrile was replaced by either deuterated acetonitrile or mett
ane. These checks eliminate species that contain hydrogen
Re(J") = Roy(J") — Qo(J" + 1). [1c] nitrogen, respectively. In addition to these two tests, a thir
was performed on only a few lines. A horseshoe-shaped m
These differences correspond to rotational fine-structure tramewave discharge of lengt/4 was used to discharge ace-
sitions in theX?II state between levels of the same paritytonitrile on its own. This check eliminated the possibility of a
whereP, Q., andR, are forAJ = —1, 0, +1, respectively. species that might contain fluorine. The signals obtained wit
The experimental wavenumbers were taken from papers s method were about the same intensity; however, it prove
Kakimoto and Kasuya3) for the (000)XII, state and from much more difficult to observe spectra at high-magnetic fiel
Kawaguchiet al. (7) for the (010)*A, and (020)*®, vibronic because the discharge tended to become unstable as the mr
states. A similar calculation was done, using band origimetic field pinched it down.
determined by Merer and Travisl)( combined with band  Figure 1 shows a 0.2-T-wide scan of th@,,(39/2) tran-
origins determined by Kohguchét al. (15), to obtain the sition and is a typical spectrum observed for CCN. A simulate
vibronic transition frequencies. A fit of these same vibronispectrum of the same region calculated using the paramete
transition frequencies was also carried out by Kohgwthal. determined in this work is included for comparison. The spec

Qso(J") = Ri(J") = Rix(J") [1b]

(15), using formulas derived from perturbation theory. tra were taken in both paralleE(, | B,) and perpendicular
(E, L B,) polarizations. Measurement scans were typicall
EXPERIMENTAL DETAILS =0.02 T in width and the resonances were recorded by tunir

the magnet to the center of the line and waiting several tim

The far-infrared laser magnetic resonance spectrometer usedstants (100 ms) for the magnetic field to stabilize. Thi

for this work has been described in detail elsewh&8.(Two magnet was calibrated periodically with an NMR gaussmete

changes were recently made which improve the sensitivity aiitie overall experimental uncertainty is estimated to b
short-wavelength performance of the spectrome2€). (The [(+1 X 107%) X B(T)] above 0.1 T and-1 X 10°° T below
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After initial experimental searches for CCN resonances, |
was decided that predictions, which were more reliable, wer

needed in order to make correct assignments. With this |
mind, a refit of the microwave data, reported by Ohshima an
ﬁ} wj Endo (14) using our effective Renner—Teller Hamiltonian was
Lt My necessary to verify the rotational, hyperfine structure, an
Z lambda-doubling parameters for the ground state; details of tl
Hamiltonian are given later. In addition, we decided to perforn

a fit similar to that carried out by Kohguckt al. (15) on the

39/2 3772 35/2 3372 3172 29/2 27/2 252

vibronic structure of the (8,0) manifold. However, they used
expressions derived from perturbation theory, whereas w
treated the same data with thé Renner—Teller Hamiltonian.
The vibronic-level separations used by Kohguehial. (15)
were determined by a combination of their measurements au
measurements by Merer and Travig.(Kohguchiet al. re-
corded they, progression bands (010}—(000)IT,,, and (020)
3, A—(000) I1I,, in the C-X transition. Merer and Travis
measured the hot bands (010)}(010)w”S ", Asys» and (020)
A—(020) &+, ;. By taking the difference of the various band
origins having the upper state in common, one determines tl
separation of the (010)°%"—(000) °II, (010) *A—(000) “II,
and (020)°®—(000)°II levels in the ground state. Merer and
Travis also reported a value of 113.55 Crfior the separation

I | of the (010)2A—(010) w23~ levels. In our fit of the vibronic
8000 N %99 Jevels, we corrected vibronic transition frequency for spin-

Magnetic Flux (mT}
orbit and rotational energies using the expression

FIG. 1. Far-infrared laser magnetic spectrum (upper trace) and simulated
spectrum (lower trace) of thé€010) u?S~ <« (000) X2II [RQ,4(39/2)]
transition of CCN recorded in parallel polarizatiohNl; = 0). The spectrum
was recorded using the 47.660n (209.819231 crt) laser line of CHOD
pumped by the B(8) line of CO, and covers a magnetic field range of 200 mT.
The triplet splitting is due to the spih,= 1, of the™N nucleus.

1 1
V= Vo — EAéﬁ‘i‘ B'z— E ’é.ff“l‘ B”Z, [2]

wherew, is the vibronic level separatiod\.; andA’y; are the
0.1 T, whereB is the magnetic flux density. The laser frespin—orbit parameter®’ andB” are the rotational constants
quency is accurate to {2 X (2 X 107") X vyl for the upper and lower states, respectively, ang (J +
1/2)* — 1. An energy level diagram of the vibronic levels can
be seen in Fig. 2. These values were used to determine init
RESULTS AND ANALYSIS values for the vibrational, Renner-Teller, and true spin—orb
parameters,, X,,, €w,, Agos, aNdA(:, While constraining the
Thirteen FIR laser lines were used to record the LMR-dependent correction tergy at 2.5 cm* andB” at the value
spectra reported in this paper. The details of these laser limetermined from the microwave data. With the two types o
and the transitions recorded using each line are listed in Tadkta (microwave and vibronic levels) combined, a reasonab
1. A total of 769 resonances were recorded and assignedt of parameters was determined and a prediction that led
corresponding to 45 vibronic transitions and ranging’ifrom the assignment of several resonances was made. Once sc
1/2 to 39/2. The measurements were recorded over a frequeasgignments had been made and included in the fit, the rema
range of 192.3-209.8 cm and 157.8-166.4 cm for the ing data could be assigned and further unobserved resonan
(010) w23~ <« (000) XI1,,, and the (010).?S,~ < (000) predicted.
XI1,,, transitions, respectively. Twenty-seven of the 45 4ran An effective Hamiltonian that describes the energy levels c
sitions originated in th&®I1,,, spin—orbit component and thea linear triatomic molecule in &Il state and includes the
remaining 18 originated in th¥I1,,, spin—orbit component. Renner—Teller interaction explicitly was used to analyze th
Hyperfine structure was resolved in 103 of the 383 com- data obtained in this work. It is expressed in Mgformulation
ponents. All 12 types of transitions for & < °II type as the sum of several term33-26:
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TABLE 1
FIR Laser Lines Used to Record LMR Spectra of the (010) u°%~ < (000) X*II Transition of CCN
CO, Pump FIR laser  Frequency Wavenur}nbers Wavelength Observed CCN transitions
Line® gas (MHz) (cm™) (um)
(010)°E” « (000) X211,
9R(8) CH,OD 6290222.3% 209.819231 47.660 RQ,1(3972), Ry(35/2), Ry(37/2), SRy1(15/2)
9R(6) CD;OH 6153279.0° 205.251294 48.721 R21(2312), RQ,1(25/2), Ri(21/2) , Ry(23/2)
9P(12) BCH,OH 6 061914.8° 202203 713 49.455 RQ1(1372), *Q,,(15/2), R1(9/2), Ry(11/2),
S
R»1(3/2)

10R(52) CH;OH 6032811.3% 201.232924 49.694 RQ21(9/2), RQ,1(1172), R1(5/2), Ri(7/2), 3Ry1(1/2)
10R(24) CD;OH 5999028.8"  200.106 061 49.974 RQ21(3/2), ®Qx1(572), Ri(1/2)

10R(20)  CD,OH 59213704 197.515 656 50628  OPy(5/2), Wyi(7/2), P11(9/2), Q1(9/2), Q:(11/2),
Qu(13/2), Qi(15/2),
10R(46)  CH,OH 5764826.7° 192.293 920 52004  P(13/2)

(010)p2" « (000) X M1y,
9R(34) CD;OH 4988091.2° 166.384 812 60.102 R(9/2)

9R(18) CH,OH 4 865709.8°  162.302 609 61.613 Q2(1372), Qx(15/2), Ra(3/2), W 12(9/2), WR1x(11/2)
10R(18) "“CH;OH 4762125.4° 158.847 405 62.954 P(3/2), °P12(3/2), "Q12(3/2), T Q12(5/2), FQ1x(7/2)
10R(16)  CH;OH 4761 182.4* 158.815950 62.966 P2(3/2), OP12(3/2), FQ1x(3/2), PQ12(5/2), FQ1u(712),

"Q12(9/2)
9P(12) BCH,OH 47513409 158.487 673 63.096 PQn(712)
9P(34) CH;0H 4730860.6° 157.804 524 63.370 P5(5/2), P2(7/2), Po(9/2), °P15(3/2), °P12(5/2),

"Q129/2), "Qix(11/2), FQ15(13/2)

*N. G. Douglas, Millimeter and Sub-millimeter Wavelength Lasers, Springer Series in Optical Sciences, Vol. 61.
® New FIR laser line, frequency measured in our laboratory. The accuracy of the measured laser frequencies is 2x107xv.

Her = Hyp + Hrr + Hyg + Heo + Hy Teller Hamiltonian, see2d). The next term in Eq. [3] repre-

[3] sents the rotational kinetic energy of the nuclei
+ HAdoub+ Hldoub+ Hmhfs+ HQ + HZeem

The form of each individual term is now dealt with in turn. The Hy = BN? — DN?- N? [6]
vibrational HamiltonianH ;,, is used to generate a set of basis

states for the two-dimensional oscillator (the bending vibras i< sualN? form. whereN = J + S again with centrifugal

tion), distortion effects. The spin—orbit coupling term is also wel
known,

Hus/helval) = [(vo + 1w, + (Vo + 1) Xpp + Goal 2] |Val),
[4] Heo= ALS, + 1/2AJ[L,S, N7].. [7]

where|v,l) is the eigenfunction of the harmonic oscillator. The ] o ] .
Renner—Teller Hamiltonian is written The spin-rotation interaction can be described by

Hri/hc = 1/2ew,[q5e™?" + q2e*?’] Hy=yN-S+ y5(N-S)N? + yoN,S,;; (8]

+ 1/4(ew,)pl(gie 2" + g2e™™), N7, o)
the third term on the right-hand side is slightly noval. It
whereq. is the dimensionless vibrational ladder operator ardescribes the vibronic coupling with tAE and®A states of the
0 is the electronic azimuthal angle. The second term in thisolecule. The lambda-type doubling Hamiltonian for a mole:
expression describes the rotational distortion of the Renneamle in a’Il state is written
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CCN Energy-Level Diagram Hmnis = al,L, + bl - S+ cl,S, 1]
%00 — +1/2d(1,S,e7 %% 4 | _S_e*2f),
K1
800 L In this formulation, the parameterrelates to the dipole—dipole
/ coupling term and is related to the Fermi-contact parametet
br by by = b + ¢/3. The electric-quadrupole interaction for
700 |- the **N-nucleus is described by
v,=2 /\
P, Ho = —eT%Q) - T*VE). [12]
600 |- N '
N } 0, ) ]
\ | For a“Il state, there are two determinable parameters
500 |~ \\ : 25
o ) : K - - -
e J - W eQq = —2eQXA = 1TAVE)|A = 1) [13]
] Lo
400 — // : : and
e L A
300 |- N — L %, eQq = —2.6 eQ(A = *1|T2,(VE)|A = F1). [14]
\\ I i/
N ool
\\\ : } ”: 25 Finally, we deal with the effects of the external magnetic field
200 — 34 : : K described by the Zeeman Hamiltonibi}ee,
: = al gl
5| £l gl g
100 NI “’: Hzeem= OLieBolz + OsiteBoS; + 9ims(BxSx + BySy)
gl 8 ! , > .
v.=0 . - } ! T )’Zznm — grmeBoNz — g7 me(N.B,e ?’ + N_B_e?’)
2_<:::i | ! ~ ! , o :
0 = o l ’ X, + Qiue(S.B.e " + S_B_e?’) — guunl zBo,
FIG. 2. Energy-level diagram of the (G, 0) vibronic levels. The tran [15]

sitions observed in this work are shown by solid lines. The wavenumber labels

associated with these transitions are the calculated band origins from our . . . I
parameters. The transitions represented as dashed lines are the additWh?re the first two terms describe the dominant contribution

transitions included in the fit. The wavenumber labels are the values used inff@M the electron orbital and spin angular momenta and th
fit (they are left off the spin—orbit transitions because there are multiple valuegmaining three terms represent the smaller contributions, d
for these transitions, see Table 4). scribed in Ref. 26).
The matrix representation of this effective Hamiltonian wa:
_ _ constructed in a Hund’s case (a), parity-conserving basis se
HAdoub= 1/2p(N+S+e_2|9 + N_S_e+2|6)
— 1/2q(N2e 2% + N2e*2") [Av,IS; J+) = 2 YA nA; v,l; S3; IPM) (16]
+ 1/4(pp + 20p) 9] + (=175 — A v, —1; S— 3 - PM)},
—2i6 +2i0 2
X[(N.S.e™"+ N.-S.e™™), N7, whereK = A + |, P = K + X, ands is odd for a3~
— 1/4qp[(N2e 2% + N2e*2%) N?],, electronic state and even for all other electronic states. Tt
choices of upper and lower sign correspond to states- of
where the ladder operatoks, andS, have their usual mean and— parity, respectively. We note that there is a phase choic
ings. Thel-type doubling ternH 4. is cast in a similar form, implicit in the basis function in Eq. [16] so that, for the
operator terms iz which are parity dependent,

Higous= 1/2p(N.S,e7?? + N_S_e"??)

— 1/2qo(N%e 2% + N2e*2%), [10] (A==1e*2 A= T1)=-1 [17a]

except that hereb is the bending vibration azimuthal angle@nd

The operatoH s represents the magnetic hyperfine interac _
tions, which are, following Frosch and Fole38], (I = *1le*?¢|l = ¥ 1) = +1. [17b]
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TABLE 3 residuals much greater than three times their uncertainty ar
Details of the Microwave Data Included after reinvestigating the spectra, they were subsequently giv
in the Least-Squares Fit® zero weight. The (010y°Y " < (010) w*> " vibronic transition
J e J F« F" Parity  Frequency (MHz) o _c.(kHz) was also given zero weight because the uncertainty was t
30w 12 5232 -+ 35 422.683 7 04 large to include that data point in the fit.
32612 -+ 35429.396 8 -0.6 The data set including all four types of data required 3:
32432 e+ 35440.232 5 0.8 parameters, 30 varied and g andg,) fixed, to model the
12¢12 -+ 354429439 1.0 data. The parameters determined in this fit are listed in Table
12¢32 -+ 35453.776 4 0.8 both in units of megahertz and reciprocal centimeters. The be
3232 +e- 35427.9317 0.1 previously obtained values, where available, are also include
5232 +e- 35472.5887 0.5 in Table 6 for comparison. The parameters determined incluc
12122 +4- 35486.586 6 0.1 vibrational and Renner—Teller parametess, ew,, X,, and
3212 +<- 355106599 03 gk, spin—orbit and rotational parametefsio, Aoy Bioooy
11232 re- 33403858 0 01 B(om)y D(ooo» D(om)v Y(000)» Y010y YD(010) AD(OlO)v and ewyp
“ Data taken from Ref. (14), 0. - ¢. determined in this work. (24), lambda-type doubling parameterp (+ 2q), g, and

(po + 20p), hyperfine parameters, b, (b + ¢), d, eQq,
andeQaq,, and Zeeman parametegs, 9., Ad., 9., 9., 9F,

The effective Hamiltonian was used to analyze the dasad (g — gF). The parameteg, was fixed at 2.5 cnt, the
listed in Tables 2, 3, 4, and 5. Table 2 (available as supphalue obtained by Braziest al. (5), while g, was fixed to the
mentary data) reports the details of the FIR LMR data from thigiclear magnetic moment f6iN (0.40376 nuclear magnetons)
work. Table 3 lists the 10 transitions, reported in the micrq29). Table 7 lists a range of zero-field transition frequencies
wave study of CCN in th&>?I1 4, component by Ohshima andcalculated using the constants determined in this work. TF
Endo (@4), that were included in the fit. Table 4 gives theéransitions observed in this work are marked and should k
details of the 55 spin—orbit transitions calculated as combindetermined more reliably than those that were not observed
tion differences from electronic transitions reported in R&s. (
and (7). Table 5 shows the five vibronic transitions, four of DISCUSSION
which were calculated as stated above, and the (R1D) <
(010) u”X "~ separation was estimated from t@ebranch bane We detected transitions in the fundamental band of the
heads reported by Hakuta and Uehata The modification to CCN radical by far-infrared LMR. The upper level of this
the Hamiltonian extended the matrix representation to spaansition is pushed to significantly lower energies by the
states of the same vibronic symmetry off-diagonalty, = Renner—Teller effect in this molecule (see Fig. 2). This is onl
+2,*4, ..., foreach basis state,, v,, vs; AIK; S¥; JPM,; the third example of the detection of a low-frequency bendin:
+). This allowed the matrix elements of the Renner—Telletibration in the far-infrared region. The first was fog (30),
effective Hamiltonian Z3) to be included explicitly and the and the second was for Fel[B1). It is interesting to note that
total representation to be diagonalized. To model the Zeematrservations have been made in this case over a wide range
effect accurately, the matrix representation also spanned elevalues; observations by LMR are usually restricted to th
ments off-diagonal id by AJ = =1, that is, between states oflowestJ values because the magnetic moment falls off que
the sameM, in neighboring rotational levels. A basis sedratically withJ. The reason for the extensive observations i
truncated at\v, = +6 andAJ = =4 was found to be adequatethe case of CCN is that the transition takes place betwee
for the present analysis. The effects of the Fermi-type redevels that conform to Hund’s case (a) coupling (lower state
nance between the bending and the stretching vibrational levaigl levels which are Hund’s case (b) (upper state).
of CCN were not included in our analysis because none of theSeveral advances in the understanding of the energy leve
states involved in this work are directly affected by suchf the CCN radical were made in this study. First, this is the
resonances. most detailed analysis of the vibronic energy levels inXfH,

Each observed resonance listed in Table 2 was initially givetate of CCN to date. Thirty parameters were determined in tf
a weight equal to the inverse square of the estimated expenalysis and many of them improved upon the old values b
mental uncertainty. The estimated experimental uncertaintyroughly an order of magnitude. In addition, seven of the 3l
the FIR LMR data was determined to be 2 MHz, based on tparameters determined in the fit had not been determine
accuracy of the laser frequency, the uncertainty in the mdaefore. A full set of nucleag-factors and nuclear hyperfine
surement of the magnetic flux, and typical tuning rates for tlmarameters were determined for the first time for CCN.
CCN transitions. The microwave data, spin—orbit data, andThe band origins of the ;2 w”> "Il transition studied in
vibronic data were given experimental uncertainties of 1 kHihis work depend on several parameters in the effective Han
150 MHz (0.005 cm'), and 1.5 GHz (0.05 ci), respectively. iltonian, primarily w,, €w,, X,, gx, and A. We therefore
After several attempted fits, 4 of the 769 resonances himtluded the vibrational intervals, listed in Table 5, in our fit in
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TABLE 4
Details of the Spin—-Orbit Data Included in the Least-Squares Fit
Vibronic level Transition Frequency (cm™) 0.—c. (cm™) Frequency (MHz) 0.—c¢.(MHz)

00X,  Pu(772) 36.887 9 0.0003 1105 870 3.982
P(13/2) 34.740 0 0.0002 1041480 5.390
P.(15/2) 34.062 6 0.0069 1021170 207.414
P (17/2) 33.385 8 -0.0015 1 000 880 -45.535
Py(19/2) 32.736 7 0.0024 981 421 72.370
P.(21/2) 32,1009 0.0042 962 360 125.317
Py(23/2) 314755 0.0012 943 611 34.706
Qs(372) 39.601 4 -0.0051 1187220 -152.337
Qso(572) 39.649 8 0.0029 1188670 86.732
Qso(7/2) 39.706 8 0.0036 1190 380 106.974
Qs0(972) 39.784 9 0.0088 1192720 264.253
Qso(1172) 39.8609 -0.0035 1195 000 -104.277
Qso(13/2) 399720 0.0032 1198 330 95.883
Qso(15/2) 40.094 1 0.0053 1201990 158.029
Qs (17/2) 40.2212 -0.0033 1 205 800 -99.386
Qs0(19/2) 40.372 3 -0.0031 1210330 -92.936
Qso(21/2) 40.539 7 -0.0019 1215350 -57.158
Ry,(5/2) 4246217 0.0000 1273 000 -1.148
Re(7/2) 433303 0.0066 1299010 198.163
Ry(9/2) 442019 0.0014 1325140 42.004
Reo(15/2) 46.928 1 0.0023 1 406 870 68.203
Re(17/2) 47.8715 0.0061 1435150 181.999
Re(19/2) 48.819 4 -0.0006 1463 570 -17.590
(010) A, Py(13/2) 29.5415 -0.0018 885 631 -52.609
Py(15/2) 28.8712 -0.0018 865 536 -54.355
Py (17/2) 28.223 0 0.0019 846 104 56.838
P,,(19/2) 27.587 4 0.0001 827 049 3.163
P,(23/2) 26.376 2 0.0033 790 738 98.269
P,(25/2) 25.799 6 0.0078 773 452 234.425
Qso(5/2) 34.444 8 0.0027 1032 630 81.023
Qs0(9/2) 34.5933 -0.0016 1037 080 -46.849
Qso(11/2) 346923 -0.0068 1 040 050 -204.505
Qs(13/2) 34.821 1 -0.0015 1043910 -44.277
Qu(15/2) 34.970 2 0.0062 1048 380 185.043
Qso(17/2) 35.1250 0.0011 1053 020 31.601
Qso(19/2) 35.298 1 -0.0032 1058210 -95.307
Qs(21/2) 354919 -0.0049 1 064 020 -145.446

order to separate these parameters. In addition, the spin—odeitermined. However, even with their involvement, these vi
data in Table 4 provided much needed information about theonic parameters are highly correlated and we chose, in tl
spin splitting in thev, = 1 and 2 levels. The spin—orbitend, to constrain the parametg¢ to the value of 2.5 cmt
splitting in the zero-point level is accurately determined frordetermined by Braziegt al. (5). If this parameter was allowed
the differences between the two sets of data recorded around®&0ary in the fit, it was barely determinable, and the standar
and 61um in the present study. The inclusion of these addieviations ofw,, ew,, andXx,, increased considerably so that
tional data allows a more reliable set of parameters to Bg, was not well determined either. This is understandabl
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TABLE 4—Continued

Vibronic level Transition Frequency (cm™) 0.—c. (cm™) Frequency (MHz) 0.—c. (MHz)
Qs(2372) 35.7050 -0.0043 1070410 -127.906
Qs(25/2) 35.9375 -0.0015 1077 380 -45.210
Ryo(5/2) 37.287 1 0.0019 1117 840 58.280
Ry(7/2) 38.165 1 0.0009 1 144 160 27.091
R,,(9/2) 39.056 4 -0.0056 1170 880 -166.303
Ry(11/2) 39.9727 -0.0058 1198 350 -172.189
Ro(13/2) 40910 6 -0.0027 1226470 -80.688
Rs(17/2) 42,8356 -0.0020 1284 180 -60.874
R40(19/2) 43.820 3 -0.0064 1313700 -191.979
R,(21/2) 44.8317 -0.0013 1344 020 -38.852
020) *d, P(19/2) 21.763 1 -0.0032 652 441 -94.749
Py(21/2) 21.190 1 0.0059 635263 176.723
P,(23/2) 20.624 4 0.0015 618 303 45.284
Qs0(21/2) 29.803 1 0.0047 893 474 141.670
Q:0(2372) 30.062 2 0.0062 901 242 184.842
Ry(17/2) 37.1390 -0.0006 1113400 -19.085
Ry((21/2) 39.229 1 -0.0023 1176 060 -69.529
R(23/2) 403112 0.0034 1208 500 101.923
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because we have only four different vibronic transitions irable to model the energy levels of CCN much more reliabl
cluded in the data and none of them involves the (04®)" because the Renner—Teller parameter for this molecule is qu
vibronic level. It is essential to have information on all threarge € = 0.4179). Indeed the failure of the perturbation-
vibronic components of the, = 1 vibrational level in order to theory approach can be gauged from the discrepancy betwe
determine the Renner parameter to a high degree of accurabg. value forew, determined in this work (133.639 cif) and
Of course, a value fog, can be determined if the parametethat determined previously (137.7 ¢ by Kohguchiet al.
X, IS held fixed. However, such a value depends directly on t(E5). Again, reference to Table 6 shows that the “true” spin-
assumed value fot,,, and we have a slightly better knowledgeorbit coupling constant has only a weak dependence,on
of gk than ofx,, from other work. Ifgy is constrained to zero When the effects of thév, = 2 Renner-Teller matrix ele
in the fit, the standard deviation of the spin—orbit data in Tabieents are taken into account, the spin—orbit splittiAg',
4 increases by a factor of about 3 while the other types of dddacomes markedly smaller. For the unique level, second-ord
are hardly affected by this change. perturbation theory gives

An important difference in our fit compared with those of
previous workers is that we included the effects of the Renner—
Teller coupling explicitly in our Hamiltonian, rather than treat-
ing the effects by matrix elements off-diagonalip by see
ond-order perturbation theory. With such an approach, we akée can use this formula to estimate the effective spin—orb

Asf = A1 — e2K(K + 1)/8]. [18]

TABLE 5
Details of the Bending Vibronic Intervals Included in the Least-Squares Fit
Transition Parity  Frequency 0. - c.  Frequency 0.—¢C. Uncertainty

(cm™) (em™) (MHz) (MHz) (em™)

(010) u’= « (000) X I, [Q(1/2)] ~-<+ 199.06 0.049 5967700 1457317 0.05
(010) 12T « (000) X Ty, [P(3/2)] -+ 158.28 0.058 4745100 1747.837 0.05
(010) K" « (010) 1’2 [Q(1/2)]  + «- 277.10 0.764 8307000 22850.195 0.00
(010) %A <~ (000) X 21,5 [R(1/2)] 295.42 0.118 8 856 500 3533.784 0.05
579.38 -0.069 17369 000 -2057.183 0.05

(020) @ <« (000) X L1, [S(1/2)]
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TABLE 6
Molecular Parameters Determined in the Analysis of CCN*®
Parameter This work (MHz) v This work (cm™) Previous work (cm™) Ref.
o2 9586 716. (1338.) 319.778 (45) 319.9 (1.1) (15)
gw, 4006 388. (1241.) 133.639 (41) 137.7 (1.1)° 5]
(e0p -16.60 (61) -0.000 554 (20) --

2 75 000° 2.5 2.5 &)

X2 12 948. (437.) 0.432 (15) -

e 1275299. (38.) 42.539 4 (13) 42.3279 (32) (13)
Blooo) 11 933.790 (45) 0.398 068 4 (15) 0.398 228 292 7 (48) U4
Dioooy 0.007 34 (17) 0.245 1 (55) x 10°° 0.220 6 (46) x 10 '€)
Y(000) -70.5(1.2) -0.002 352 (41) -0.003 757 (46) 3
AL 1262 228. (132.) 42.103 4 (44) 41423 (45 )
Bowy 12 018.62 (78) 0.400 898 (26) 0.401 819 (57)° )
Doy 0.008 23 (16) 02746 (55)x 10°® 0.148 27)x 10 4]
Yo10) 273(1.2) -0.000 913 (41) 0.007 56 (16)° )
Yb 010) 0.002 83 (25) 0.945 (84) x 107 -0.90 (28) x 107¢ )

Ap 010) 3.52 (47) 0.000 117 (16) -

(p+29) 44.579 1 (60) 0.001 487 00 (20) 0.001 49 (12) (3,19)

q 7.649 (71) 0.000 255 2 (24) 0.000 237 91 (88) 3)

(pp + 2gp) 0.011 5(16) 0.384 (53)x 10 --
a 31.63 (39) 0.001 055 (13) 0.001 199 557 (25)° 14)
b 19.435 (27) 0.000 648 31 (88) 0.000 658 9 (10) Z))
(b+0) -11.48 (74) -0.000 382 (25) -

d 46.767 38 (53) 0.001 559 992 (18) 0.001 559 993 (22) (14)
e0Oqo -4.822'1(14) -0.000 160 849 (47) -0.000 160 85 (62) 14
eQq, 9.208 (66) 0.000 307 1 (22) -0.000 306 5 (29) 4

2s 2.001 97 (12) 2.002 099 13

g 1.008 82 (52) 0.999 890 (13)
AgL -0.019 02 (52) -0.00772 3

& -0.000 080 1 (64) --

& 0.001 17 (12) -

a 0.000 129 1 (85) -
(g —g5) 0.001 559 (29) -
an 0.403 76" -

“Numbers in parentheses are one standard deviation and apply to the last quoted digits.
b Parameter constrained to this value in the fit (see text).

“ The value of e, was calculated from the reported values of ; and €.
“ Converted from the originally reported value of 4°F using the value of & calculated in this work.
¢ These values are specific to the (010)p°E" vibronic state.
/ Calculated using the reported values of p and q.
8 Reported as a - (b+c)/2.
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TABLE 7

Calculated Zero-Field Transition Frequencies, without Hyperfine, for the (010) u’%~ <« (000) X*I1
Transition of CCN (in MHz)

pzZ' « X 2H1/2
I P.J" Q(J") R,(J") P, (I *Qu) SRai(J"")
12 5966211.4 5990373.3" 5990027.3 6038138.8¢
32 5930692.9 5954987.8 6003197.1 5954641.8 600262039  6074866.1 ¢
52 5895791.7 5944219.6 6016477.6°  5943642.99  6015670.0°  6112047.5
772 5861347.8 5933905.6 6030214.4°  5933098.0°  6029175.7 6149681.6
9/2 5827360.6 5924044.4°  6044406.7°  5923005.7¢ 6043136.6° 61877664
1172 5793829.7 5914634.2" 60590534  5913364.2 6057551.6°  6226299.7
13/2  5760753.8°  5905673.0°  6074153.0 59041713 60724193 "  6265278.9
152 5728131.8 589715847  6089703.8 5895424 8 6087737.7%  6304701.4°
172 5695962.0 5889087.9 6105703.8 5887121.8 6103504.9 6344563.9
192 5664242.4 5881458.5 6122150.7 5879259.6 6119718.5 6384863.3
21/2  5632971.0 58742672 6139042.0° 58718349 6136375.8 6425595.9
23/2 56021452 5867510.6 6156374.6"  5864844.4 6153473.9°  6466757.9
252 5571762.4 5861185.2 61741457 5858284.4 6171009.7% 65083453
HZE- < f( 2H3/2

J" P,(J") Q") Ry(J'") °P(J") Qi Ri(J")
32 4767228.7°  4815294.6 4887452.9° 474336729  4767574.7° 48158714
52 475499837  4827151.8 4923402.9 4707273.6°  4755575.0°  4827959.5
7 4742742.0°  4838979.8 4959325.6 4671151.9 4743549.7°  4840018.5
9/2 4730461.4°  4850778.8 4995222.1¢  4635002.8 473150029  4852048.9°
11/2 47181583 4862549.5 5031093.8 4598827.5 4719428.3%  4864051.2°
13/2  4705834.6 4874292.8° 50669422 4562627.4 4707336.3°  4876026.5
15/2  4693492.6 4886010.0°  5102769.2 4526404.0 4695226.3 4887976.0
17/2  4681134.8 4897702.3 5138576.9 4490159 .4 4683100.9 4899901.2
19/2  4668763.9 4909371.6 5174367.6 4453895.5 4670962.8 4911803.8
2172 4656382.8 4921019.6 52101437 4417614.8 4658815.0 4923685.8
23/2 46439945 4932648.5 5245907.9 4381319.8 4646660.7 4935549.3
25/2 46316023 4944260.6 5281663.1 43450133 4634503.0 4947396.6

¢ Transition observed in this work.
® Transition observed in this work with hyperfine structure resolved in one or more resonances.

splitting in the two lowest bending levels of CCN and compar@CN for the first time. When combined with the microwave
them with the corresponding quantities determined by a fit observations of th&81,, component, it is now possible to make
the experimental data. The results are given in Table 8, where&omplete determination of the hyperfine parameters for tt
it can be seen that the second-order perturbation expressi(@®)) level of the ground electronic state of this molecule (se
Table 6). The magnetic hyperfine parameters provide dire

significantly underestimate the size of the splitting.

In the present study, we were able to observe'iNenuclear information on the distribution of the open-shell electrons ir

27

hyperfine splitting for levels in théll,, spin component of the ground state wavefunctioBd). The values of the param-

TABLE 8
Values of the Spin-Orbit Splitting of the First Two Bending Vibrational Levels (in cm™)
Vibronic level A AT A (exp.)
v,=0 K=1 42.5394 40.6820 40.37990°
v, =1 K=2 42.1034 36.5884 35.9977¢

“Value estimated from second-order perturbation expression, Eq. [18].

b Ref. (3).
“Ref. (7).
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TABLE 9
“N-Nuclear Hyperfine Parameters (in MHz) and Related Expectation Values (in m~®)
for CCN and Related Molecules

Parameter CCN* NO® NCN* NCO’ N°
a 31.63(39) 84.20378(76) 62.363(21)
(b+0) -11.48(74) -16.97(42)
b 19.435(27) 30.597(225)
d 46.76738(53) 112.59718(13) 88.485(13)
¢ -30.915(746) -58.8820(22) 259 -47.57(23)
b 9.130(25) 22.3792(29) 14.1 14.74(15)
eQdqo -4.8221(14) -1.85671(26) 2.211(12)
eO 9.208(66) 23.1147(83) -16.16(51)
1029673, 5.541 14.751 10.925 2021
10°2%(0)° 1.907 4.675 2.945 3.079 2.187
10°%(3c0s%0-1)/r), -3.607 -6.870 -3.022 -5.550
107°%sin’0/r), 5.456 13.136 10.323
107°G°3, 6.389 16.270 12.710 22.22
9 Ref.(/4) and present work
*Ref. (33)
“Ref. (34)

‘ Refs. (35,24)
‘ Refs. (36,37)

eters and the electronic spatial expectation values derived fréon (r *), for CCN and the N atom in Table 9, we obtaif =
them are summarized in Table 9. For comparison, we give the274, whereas the value far ~%), givesc; = 0.287;both
corresponding hyperfine quantities for the related species, M in good agreement with the value obtained from the spir
in its >~(2H ground state33), NCN in its X°3, ~ state 84), NCO orbit coupling constant. The electron spin density at the nt
in its X?I1 state @4, 39, and atomic nitrogerB@, 37. None of cleus, ¥(0)?, is much harder to interpret. It should be zero in
these species is isoelectronic with CCN (hyperfine splittingie first order because the orbital has a node at the nucleus
was not observed for other 15-electron molecules), but theth CCN and N; the small nonzero value which arises i
open-shell orbital is the same for the triatomic species. It isr@ality is caused by spin-polarization effects.
nonbonding, orbital, which contains only one electron for |t is not as easy to find a simple interpretation of the nuclez
CCN (D). If we represent this orbital as a linear combination afjectric quadrupole parameters because this interaction c
atomic o orbitals on each of the three atoms, we can Wrif§ends on the distribution of all the charged particles in thi
molecule, not just that of the open-shell electrons. Howeve

W, = Cidy + Cob, + C3dbs. [19] the parametereQq, which measures the deviation of the
charge distribution from cylindrical symmetry, depends on thi
For a symmetricalAB, molecule,c, equals zero ana@;, = electrons in ther orbitals only. It is therefore not surprising

—c; = 1/V2. CCN is not symmetrical, but if we assume thathat ratio of d to |eQq,| is almost constant for the three
the orbital still has a node at the central carbon atem=£ molecules irfIl states in Table 9 (5.079, 4.871, and 5.676 fol
0.0), we can use it tprovide a simple interpretation of theCCN, NO, and NCO, respectively).

magnetic hyperfine parameters. The two other coefficients carwe were also able to learn quite a lot about the moleculz

be estimated from the spin—orbit coupling constant Zeeman parameters from this study. In principle, these parar
eters provide some insight into the electronic structure of CCN
A= c3l.+ ciy, [20] In particular, it can be seen from Table 6 that it has prove

possible to determine separate values for the orbital and sf
where {. and ¢y are the 1-electron spin—orbit coupling eong-factors,g, andgs. This is because we have good quality date
stants for the C and N atoms. Using values of 42.1034'dor  on the levels of both spin componeIl,,, and X’I1, in a
A (this work) and of 29.0 and 73.3 crhfor . and {,, magnetic field. The value fogs of 2.00197(12) implies a
respectively 88), we calculatec? = 0.706 andc? = 0.296. relativistic correction from the free-spin value ofL..7 X 107,
The square of the coefficient on the N atord, can also be which is eminently reasonabl&3). If we assume that the value
estimated from the hyperfine parameters. Comparing the vafoe g, of 1.00882(52) has a similar relativistic correction, the
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resultant deviation from the classical value of unity can b&. K. Kawaguchi, T. Suzuki, S. Saito, E. Hirota, and T. KasuyaMol.

interpreted as a nonadiabatic contribution-68.99 X 107°,
arising from the differential admixture of excitéd and >3
states 89). 10

Several smalleg-factors have been used to model the ef
fects of the external magnetic field. Thegdactors can be
estimated from their relationships with other molecular pararh2
eters, such as,

13

14

9 = —v/2B, [21] 15

gr = —a/B, [22] 16

v 17

(gi—gr) =(p+2q)/2B, [23] 18

19

Ag. = —0gd/w,. [24] 20

The experimental (and calculated) values @or g7, (9] — 21

g7), andAg, are 0.117x 107%(0.114x 107%), 0.1291x 10°°
(—0.641 X 107%, 0.1559 X 107% (0.187 X 107%, and 22
—0.1902x 107" (—0.782x 107?), respectively. Some of these
values agree reasonably well while others do not. 22
The high sensitivity of intracavity LMR was demonstrateti5
yet again by the detection of a low-frequency bending vibration
of a short-lived free radical reported in this work. The intrinsige
intensity of such a transition is at least two orders of magnitude

transition. As a result of this study, the molecular paramet
for CCN in its °II ground state are considerably improved.

smaller than that of the corresponding rotational (or electron%
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