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The sodium cyanide molecule yas studied by molecular-beam elcctric~resonance spectroscopy in the microwave region. we_ 
used the seeded-beam technique to produce a supersonic beam with strong translational. rotational and vibrational cooling. In 
the frcqurncy range 9.5-40 GHz tie observed and identified for N&N 186 and for NarsCN 107 hyperfine transitions hi 20 
and 16 rotational transitions. respectively. all in the ground vibrational state Thc_rotational. the five quartic and three sextic 
centrifugal distortion constants of NaCN are: A” = 57921.954(7) MHz; B” = 8369.312(2) MHz. c” - 7272;712(2) MHz. All 
quadrupole and several spin-rotation coupling constants for the hyperfine interaction were evaluated. The quadtupole 
coupling constants (in MHz) for NaCN are: eQqi,(Na) = -5.344(5). eQq,, = 2.397(7), eQq,,(N> = 2.148(4). eQq,JN) = 
-4.142(S). From ttiese constants and those of Na13CN we have determined the principal components of the quadrupole 
coupling tensor for potassium and nitrogen. The structure of sodium cyanide evaluated from the rotational constants of NaCN 
and Na13CN was found to be T shaped, similar to the structure of KCN but completely different from the linear isocyanide 
configuration of LiNC. The effective structural parameters for, sodium cyanide in the ground vibrational state are: 
r,, = 1.170(4) A. ‘NnC = 2.379(15) A. ‘t.J”N = 2.233(15) A. in gratifying agreement with sb initio calculations.-Both the 
geometrical structure and the hjperfine coupling justify the conclusion that the CN group in gaseous sodium cyanide 
approximately can be considered as a free CN - ion. 

1. Introduction 

The molecular structure of alkali metal 
cyanides * is difficult to predict. Since the first 
suticessful determination of the structure of gase- 
ous potassium cyanide, which was found to be T 
shaped [l], several ab initio calculations of the 
potential-energy surface and equilibrium structure 
of KCN were performed 12-41. Recently, two ab 
initio calculations of the structure of NaCN be- 
came available [3,4]. Both calculations predicted a 
T-shaped structure for sodium cyanide. However, 
as is illustrated by Marsden [4], the quality of the 
basis sets used in the SCF calculations and the 
inclusion of electron correlation influences the 

’ Present address: Philips Research Laboratories, 5600 MD 
Eindhoven, The Netherlands. _ 

* In this~paper the alkali metal cyanides are denoted by MCN 
(where M represents the alkali metal), whatever the struc- 
ture may be. and the atomic symbol designates. the most 
abundant-isotope. unless specified otherwise. 

calculated potential-energy surface and the esti- 
mated equilibrium geometries drastically. 

Ismail et al. [5] concluded from vibrational iso- 
tope effects df sodium cyanide in inert-gas matrices 
that the molecule has a linear cyanide configura- 
tion. 

Earlier we reported preliminary results- [6] for 
the first successful observation of the rotational 
spectrum of the most abundant isotopic species of 
sodium cyanide. The structure was ~found to be T 
shaped, and with the assumption of a fiied‘CN 
bond length an effective structure for the ground 
vibrational state was calculated. 

In the current work we discuss a more elaborate 
study of the rotational and hyperfine spectra. of 
NaCN and Nar3CN. We used the molecular-beam 
electric-resonance (MBER) spectrometer to ob- 
serve for NaCN -186 and for Na”CN 107. hyper- 
fine transitions in,20 and 16 rotational transitions, 
respectively. The hyperfine structure was analysed 

.- -. _, 
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and for each isotopic species we evaluated the 
quadrupole coupling constants and some spin-ro- 
tation constants. All rotational transitions. mea- 
sured in the frequency range 9.5-40 GHz. 
originated in the ground vibrational state of the 
molecule and could be fitted to an asymmetric-ro- 
tor model. We determined the three rotational and 
eight distortion constants for NaCN and Na13CN. 

Since spectroscopic information from two iso- 
topic species is now available. a more accurate 
structure can be calculated without assuming a CN 
bond length of 1.169 A. as done before [6]. The 
result is in very good agreement with the pre- 
liminary structure [6]. 

The molecular parameters established experi- 
mentally are compared with the results of ab initio 
calculations [3.4]. The agreement is gratifying. 

The principal components of the quadrupole 
coupling tensor for sodium and nitrogen were 
evaluated from the results for the two isotopic 
species. These values and the structure indicate 
that the CN group in sodium cyanide can be 
considered as an almost unperturbed CN- ion. 

2. Experimental results 

The sodium cyanide molecule was studied by 
molecular-beam electric-resonance spectroscopy at 
microwave frequencies. This method furnishes high 
sensitivity at very high resolution. in the order of 
10 kHz. The spectrometer has been described 
elsewhere [1.6-S]_ 

The molecular beam was produced in a super- 
sonic expansion of a mixture of sodium cyanide 
diluted in argon through a 130 pm nozzle at a 
backing pressure of 1 bar. The temperature of the 
supply chamber of the stainless-steel oven was 
held at 1100 K, which corresponds according to 
Ingold [9] and Porter [lo] to a vapour pressure of 
monomeric sodium cyanide of OS-l.0 mbar. The 
nozzle chamber temperature was kept at i300 K, 
111 avoid clogging. Maintaining a stable molecular 
beam at the high temperatures necessary to obtain 
sufficient vapour pressure of monomeric NaCN, 
was handicapped by the instability of the cyanide 
molecule due to decomposition of the compound 
by wall reactions in the double chamber oven and 

thermal dissociation. The spectrum of Na13CN 
was obtained with a 90% isotopically enriched 
sample. 

As a consequence of the seeded-beam tech- 
nique, the internal temperatures of the sodium 
cyanide molecules were decreased strongly. con- 
centrating the population in the low J states of the 
ground vibrational state. The intensity of the mea- 
sured transitions was hereby enhanced and the 
rotational spectra were simplified drastically be- 
cause no molecules in excited vibrational states 
were observed, facilitating analysis and identifica- 
tion considerably. 

The rotational transitions of both isotopic 
species were identified by the observed hyperfine 
structure, the optimum voltages for the state selec- 
tor field of the MBER spectrometer. and the opti- 
mum microwave radiation power irrigated to in- 
duce the transitions [l,ll]. 

The hyperfine structure of the rotational transi- 
tions was analysed with a computer program in- 
cluding quadrupole. spin-rotation and spin-spin 
interaction based on the hyperfine hamiltonian 
and representation outlined in the paper on KCN 
[ll]. The energy states obtained from diagonaliza- 
tion of the hamiltonian matrix are labeled by the 
quantum numbers J and F, and by a pseudo spin 
quantum number E. where J is the molecular rota- 
tional angular momentum and F is the total angu- 
lar momentum. For a given J and F, the state 
lowest in energy is denoted with E = 1; the higher 
states are labeled by E = 2. 3,. . . in order of in- 
creasing energy_ 

Starting values for the quadrupole coupling 
constants were obtained zr from the ab initio field 
gradients calculated by Klein et al. [3], with a 
correction applied on these values corresponding 
to the difference between the ab initio [4] and the 
experimental [ll] results for the quadrupole inter- 
action in KCN. In a step by step calculation we 
succeeded in analysing the hyperfine structure of 
NaCN. All observed hyperfine transitions were 
identified. The quadrupole coupling constants 

eQa,,-Pa). eQMW. eQq,,W and eQqdW 
and four spin-rotation coupling constants: 

* We employed Q(‘3Na) = 0.116 barn and Q(14N) = 0.0166 
barn. These values are from ref. [12]. 
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Table 1 

Hype&e coupling constants for the ground vibntionai state 
of NaCN and NLI’~CN- 

Conslam 

eQs,,(Na) 

eQq,,(Na) 

@q&N) 

e&,,(N) 

i’f,,,(Na) 
bf,,Wa) 
ltfo,(N) 

~f,,W 
D,,(Na-N) 

Q,b(Na-N) 

NaCN Na13CN Unit 

- 5.344(5) - 5.328(12) MHz 

2.398(7) 2.387(X) MHz 

2.148(4) 2.130(7) MHz 

-4.142(S) -4.122(S) MHz 

1.09(20) - kHz 

O-96(31) - kHr 

13.7(3.5) 13.6(6.5) kHz 

1.88(42) - kHz 

-0.3714 - 0.3674 kHz 

0.1651 0.1610 kHZ 

M,,,(Na), Mcc(Na), I&,(N) and M,,(N) were de- 
termined in a least-squares fit of the hyperfine 
splittings. 

The hyperfine spectrum of Na”CN was 
anaiysed by a similar approach. For this molecule 
we started with the quadrupole coupling constants 
evaluated for NaCN. The contribution of the 
nuclear spin (I = $) of 13C to the hyperfine struc- 
ture has been neglected in the analysis because no 
additional splitting or broadening of the 
sodium-nitrogen hyperfine lines could be ob- 
served_ From the analysis of the hyperfine spec- 
trum all quadrupole coupling constants and the 
spin-rotation coupling constant M,,(N) have been 
obtained. 

For both molecules we fixed the remaining 
spin-rotation coupling constants at zero in the fit, 
since these could not be determined significantly. 
The spin-spin coupling constants D,,(Na-N) and 
D,,(Na-N) were constrained in the fit at the 
values calculated [ll] from the geometry_ 

All observed hyperfine transitions (186 and 107 
in 20 and 16 rotational transitions for NaCN and 
Na13CN, respectively) are listed in the appendix. 
The results for the hyperfine coupling constants * 
for both isotopic species in the ground vibrational 
state are presented in table 1. The values of eQq_ 
and D,, can be obtained by using Laplace’s equa- 

* All uncertainties stated in this paper represent three times 
the standard deviation as determined by the least-squares 

fit. 

tion. The variance ** for the least-sq uares fit of 
the hyperfine structure. was u = 0.32 -for NaCN 
and u= 0.44 for Na13CN. The quadrupole cou- 

L pling constants are discussed in section 4. 
The hiperfine-free origins of the rotation41 

transitions, established in the fit of the hyperfine 
spectra for NaCN and Na13CN, are given in table 
2. An impression of the observed rotational spec- 
tra in the frequency region 9.5-40 GHz of the two 
isotopic species in the ground vibrational state is 
presented in fig. 1. Both u-type and b-type transi- 
tions have been observed. The hyperfine-free rota- 
tional transition frequencies V, were fitted for both 
molecules to an asymmetric-rotor model [11,13] 
without invoking the planarity conditions for the 
7 [11,14]. The quality of the fit of the rotational 
structure is good (a = 0.53 for NaCN and u = 0.44 
for Na13CN). We obtained for both isotopic species 
the rotational constants (A”, B", and C”), the 
quartic centrifugal distortion constants (&,,, 
7Lhhh, T&, 7, and TV), and three sextic centrifugal 
distortion constants (H,K. HK, and II,,). The 
best-fit values are listed in table 3. The remaining 
four sextic distortion constants (H,, H,., h, and 
hK) could not well be determined in the fit and 
were fixed at zero. Table 3 also gives the T-planar- 
ity defect [14] 8~. 

Table 4 lists the T-free rotational constants A, B 
and C, the centrifugal distortion constants T,~,,~, 

Tbbbh* 7,uhh and T”bab, and the inertial defect [ll] 
AI for NaCN and Na13CN in the ground vibra- 
tional state, derived by imposing the planarity 
condition [14], and the effective moments of in- 

ertia (f,, I,, and I,) evaluated *** from the T-free 
rotational constants_ 

3. Structure 

An exact evaluation of the structure requires 

rotational information of at least two isotopic 

“* The variance a is defined as [~*/(n--nl)]‘/’ witk x2 

defined as usual ir. a least-squares fit. n the number of 

spectral lines and m the number of parameters in the fit. 

free We employed It = 6.626176(36)x 10ww J s. This value is 

from ref. [15]. 
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Fig. 1. Observed rotational transitions of NaCN (a) and Na13CN (b) in the ground vibrational state in the frequency region 9.5-40 

GHL The rotational transitions are indicated by Ji_,sfi, - J1;_,.-,_ K_, = 1 doublets are transitions J,.,_, -B J,., and K_, = 2 
doublets are transitions Jz.,_2 --t Jz.,_,_ 
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p. -.- 31262:3341(30) -- ‘-‘--0.0003 - 
4. .10962.9463(20). -0.0012 -- . 
a 
a 

a 
cl 

r.7 

a 

b” 
b 
b 
b 
b 
b 
b 
b 
b 
b 

16439:8314(30) _ ‘-. 0.0020‘ 
23005.25 19(30) 0.0004 
30652.19@0) , -_6.0014 
-39369.7637(50) . 0.0007 
12153.1380(30) -0.0001 
16691.9700(50) 0.0007 
22246.513( 14) - 0.0028 
18289.3222(20) -0.0002 
15497.1375(20) -0.0909 
33010.2203(30) 0.0014 
25796.2003(50) - 0.0002 
14251.7157(40) 0.0008 
34919.1656(40) -0.0008 
30238.988(22) 0.0206 
9783.5098(30) - 0.0007 

11402.6720(50) -0.0011 
33303.6225(40) - 0.0001 

a 

a 

4 

a 

a 

D 

a 

6” 
b 
b 
b 
b 
b 
b 
b 

15304.7785(70) 0.0019 
30590.6388(60) - 0.0025 
10908.6373(50) -0.0021 - 
16358.0861(40) 0.0002 
22890.1355(70) 0.0013 
12507.2515(50) - 0.0006 
17156.985(10) 0.0043 
22834.293(19) - 0.0069 
16883.9590(60) 0.0014 
16209.3468(40) -0.0002 

33365.0025(40) O.t%OS 
22000.8898(50) -0.0001 . 
17302.5009(50) 0.0005 
37585.577(10) ~0.0023 
23823.073(10) 0.0003 
17281.945(10) q.0002 

U) The observed frequencies are evaluated in the least-squares fit of the observed hyperfine spectrum. 

species, which is now available; The effective mo- 
ments of-inertia for NaCN and Nar3CN; listed in 
tabl_e-14; were. used to calculate the structural 
par&meters of sodium cyanide-in the ground vibra-: 
tionalkate. The resulting T-shaped structure bre- 
sented in table 5 is-in close~a~j$reement with the 
z&ucture tie reported :eIarlier 161.. This, shows that 
the assumption -rc,(NaCN) z ro(KCN) .used to 
obtain a preliminarystructure in that communi-- 

_ _ -_ ,-_ 
_. -- 

: _- 
-. 

. . 

cation [6] was correct. 
The values of the calculated structural parame- 

ters are well within the uncertainties-given in talk 
5, if the geometry. of.sodium-cyanide is computed 
from any combination of ,four-moments‘of inertia 
of the twoisotopic species, with-the limitatio’n-that 
I,:always has to b&.taken into account. This limita- 
tion can be -explained from the ~s&ne consider- 
ations as discussed for potassium cya-mde [ll].’ ’ ’ 

_. ^ -: .- . 
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Table 3 Table 5 
Rotational constants for the ground vibrational state of NaCN 

and Na13CN 
The effective structural parameters for the ground vibrational 

state of sodium cyanide 

Constant NaCN Na13CN Unit 

57921.954(7) 
S369.312(2) 

727X712(2) 

- 4.026(10) 

-0.0833(2) 

- 0.0459(2) 

- 3.3253(43) 

- 0.3670(6) 
- 15.6(6) 

2s5 (13) 

- lOS(3.2) 

- 3.74(4) 

55674.366(14) 
8198_767(3) 

7107.582(3) 

- 4.084(16) 

- 0.0833(3) 

- 0.0445(3) 

- 3.0809(65) 

- 0.325419) 

- 14.2(1.2) 

270 (22) 

-6.6(5.8) 

- 3.52( 10) 

MHz 
MHz 

MHz 

MHz 

MHZ 

MHz 

MHZ 

MHz 

HZ 
Hz 

HZ 

kHz 

4. Discussion 

The large T-planarity defect i\r and inertial 
defect aI indicate that sodium cyanide is a floppy 

Table 4 

Derived moleculx constants for the ground vibrational state of 

N.ICN .md Na”CN ‘ 

Con- NaCN N(l”CN Unit 

sLIn1 

From it and To, assuming planarity: 

A 57921.006 55673.470 

B 8368.463 s197.977 

c 7272.386 7107.294 

L,,” - -1.026 - 4.054 

~l.hf+ - 0.0533 - o.os33 

Tu,,hlr 0.2664 0.2910 

TUf..,h - 1 S36Y - 1.7331 

31 0.3767 0.3s27 

From 5, and ~1 CL. assuming planarity: 

A 57921.075 55673.533 

ij S368.473 8197.986 

c- 7272.342 7107.254 

T..w,, - 4.026 -4.OS4 

~I..w.h - o.os33 - 0.0833 

Lea 0.1095 0.1474 

T&J/. - 1.6979 - 1.6062 

AZ 0.3772 0.3832 

From the T-free rotational constants: 

1, 8.72531(5) 9.07755(5) 

1, 60.3909(25) 61.6468(25) 
1, 69.4931(25) 71.1073(25) 

MHz 

MHz 

MHz 

hlH2 

MHz 

MHz 

hlHz 

amu A’ 

MHz 

MHz 

MHz 

MHZ 

hlH2 

MHz 

MHz 

amu A’ 

Constant 

rCN 

rsnc 

rh..N 

Value (A) 

l-170(4) 

2.379(15) 

2.233(15) 

molecule. i.e. shows large amplitude motions in the 
bending direction. The bending vibrational 
frequency o, evaluated [16] from the inertial defect 
is 179(35) cm-’ for NaCN and 176(35) cm-’ for 
Na”CN. This is in good agreement with the 
frequency 168 cm-‘. obtained by Ismail et al. [S] 
for NaCN using the matrix-isolation technique. As 
with potassium cyanide, the value measured by 
Leroi and Klemperer [17] in an infrared absorp- 
tion cell (w, = 239(10) cm-‘) does not agree very 
well with the other results. An explanation as 
argued for KCN [5,11] may also be applicable 
here: the infrared absorption frequency should be 
assigned to another molecule, possibly NaOCN. 

A summary of results of ab initio calculations 
for the structure and hyperfine quadrupole cou- 
pling constants is given in table 6. There is fair 
agreement between the ab initio and experimental 
structures_ The quadrupole coupling constants were 
obtained [12] by transforming the field-gradient 

Table 6 

Summary of results n) of ab initio calculations on NaCN. The 

hyprrfine coup& constants (121 are given for the ab initio 

structure. and in parentheses for the experimental structure (see 

W?(l) 

Constant Klein et al. 131 Marsden [4] Unit 

E(NaCN) 1640 1090 cm-’ 

E(NnNC) 2so 1340 cm-’ 

rCN 1.152 1.175 A 

rNilC 2.470 2.376 A 

rNaN 2.195 2.252 A 

c@?,,(Na) - 5.491( - 6.295) - MHz 

e&,(Na) 1.828(2.632) - MHz 

@L(N) 1.674(2.001) - MHz 

e@!,,(N) - 3.517( -3.S44) - MHz 

il) The quantities E(NaCN) and E(NaNC) are the energies 

relative to the T-shaped configuration of the linear cyanide 

and isocyanide configurations. respectively. 



’ coupling tensors for k-sodium --(eQ&Na) ‘--and 
@q,(Na)) and nitrogen (eQq;(N) and eQq;(N)) 
in sodiumcyanide~were determinedzbythe method 
of Poskner [IS]:The results,including the asymme- 
try parameter- for ‘the quadrupble. coupling iA= 

@Qq, 2 eQq,.);/eQq=: and _ the angles B(a. z j and 
B(z, C-N), defined in fig. 2, are presented in table 
7. The axes of the principal inertial and principal 
quadrupole systems are denoted a, b, c and x, y, z, 
respectively. The principal axis z is chosen as the 
axis for which the coupling of the nucleus has 
nearly axial symmetry. 

Fig. 2. Orientation of the principal axes of inertia (a. b, c) and 

the principal axes of the field gradient (x.-v. z) in the sodium 

cyanide molecule. The c and y axes coincide and are perpendic- 

ular to the molecular plane. The subscripts Na and N are 

added to clearify the distinction between the sodium and the 

nitrogen quadrupole principal axes. 

matrices calculated by Klein et al. [3] to the prin- 
cipal inertia axes system of the ab initio structure, 
and of the experimental structure, respectively. 
The results for the transformation to the principal 
axes system of the experimental structure are in 
better agreement with the accurate experimental 
values listed in table 1 than the results with respect 
to the ab initio structure. 

The principal components of the quadrupole 

Table 7 
Principal hyperfine quadrupole coupling constants for sodium 

cyanide in the ground vibrational state 

Constant Sodium Nitrogen Unit 

eQ% 
eQ% 
I) 
@(a. 2) 
6(=. C-N) 

2.429( 10) 
-5.375(9) 

0.096(4) 

- 3.6(8) 
86.3(8) 

2.225(7) 

-4.219(7) 

0.055(4) 

83.7(3) 
- 1.0(3) 

MHz 

MHz 

degree 
degree 

Since B(z,, C-N) and rl)N are small, the field 
gradient at the nitrogen nucleus is approximately 
symmetric about the bond axis between the carbon 
and the nitrogen nucleus. The experimental values 

of rcFI and eQq,(N) are in-close agreement with 
the results of ab initio calculations for the free 
CN- ion: the equilibrium value of rcN = l-173(2) 
A [19] and eQq(N) = - 4.090 MHz *_ From these 
arguments we conclude that in sodium cyanide, 
like in KCN [ll], the CN group can be considered 
as an almost unperturbed CN- ion. 

The large anharmonicity and the low barriers of 
the potential-energy surface in the bending direc- 
tion [3,4] are most likely the origin of the disagree- 
ment among the available thermodynamic data 
[5,10,21] for sodium cyanide. To remove those 
discrepancies it will be imperative to take the exact 
potential-energy surface into account. 

Table 6 shows that the differences between the 
ab initio calculated values of E(NaCN) and 
E(NaNC) are very large. This implies that the 
reiiability of the computed potentials is rather 
questionable. With the accurate experimental de- 
termination of the T-shaped structure of NaCN in 
the ground vibrational state, the bottom of the 
intermolecular potential is now well located. Re- 
cently we have started experiments in which the 
excited vibrational states of the alkali metal 
cyanides are investigated. These studies will hope- 
fully provide a more accurate picture of the poten- 
tial-energy surface and a better understanding of 
the weak internal interactions in floppy molecules. 

* This result was evaluated [12] from the field gradient com- 

puted by Wormer [20] in a.SCF calculation using 54 

contracted gaussian-type orbitals at I-,-., = 1.174 A. 
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Frequencies (in MHz) of the observed and calculated hyperfine transitions 

of NaCN in the ground vibrational state. 

F ‘-+F ” Obs . -talc. F ‘-+F ” 
E f 

Obs. f requency E E 
Obs . f requency Ohs. -talc. 

Rotational transition 1 0, I*O,, , D : 

712 ,+5/2 1 15640.4907(70) 0.0003 

5/2,+5/2 1 15640.9925(40) 0.0000 

l/2,+1/2, 15641.6909(50) 0.0002 

3/2,-+3/2 1 15641.8645(40) -0.0003 

Rotational transition 2,, *+l D, x : 

5/2,+3/2, 31262.7269(70) -0.0015 

7/2,+7/2, 31263.0095(70) -0.0006 

5/2,+5/2 1 31263.7463(60) 0.0005 

3/2,-‘3/2, 31263.74&3(60) -0.0005 

l/2,+1/2, 31264.5149(80) 0.0013 

3/2,+5/2, 31264.7650(60) 0.0009 

Rotational transition 41,3+41,L: 

Rotational transition 5,. ,,+5,,, 

11/2,-‘13/2, 16440.034(10) 

5/2,+7/2, 16440.034(10) 

9/2,+7/2, 16440.2233(80) 

1 l/2,+13/2, 16440.274(10) 

g/2*+11/22 16440.274(10) 

11/2,+11/2, 16440:4187(70) 

g/2,+9/2, 16440.7467(80) 

11/2,+9/2, 16441.0094(70) 

g/2,-11/2, 16441.1173(90) 

g/2,-+9/2, 16441.3295(90) 

11/2,+11/2, 16441.546(10) 

g/2,-9/2 1 16441.583(10) 

7/2 1 +9/2 1 

11/21-t9/21 

3/2,+5/2, 

7/2,+7/2, 

9/2 ,-w2 1 

g/2,+9/2 1 

7/2,+7/2, 

13/21+11/21 

S/2,+7/2, 

7/2,-+9/2, 

Q/2,+11/2, 

7/2,+9/2, 

11/2,+11/2, 

S/2,+7/2, 

11/2,+9/2, 

5/2,+7/2, 

10962.4800(80) 

10962.9114(50) 

10963.0483(60) 

10963.0483(60) 

10963.1907(60) 

10963.4168(70) 

10963.5017(80) 

10963.5843(60) 

10964.0700(80) 

10964.1214(80) 

10964.3212(80) 

10965.0533(50) 

10965.1937(70) 

10965.2681(80) 

10965.562(15) 

10965.588(20) 

-0.0008 g/2,+1 l/2, 16441.863(10) 

-0.0035 13/2,+13/2, 16442.1532(70) 

-0.0048 13/2z*11/21 16442.5376(90) 

-0.0035 7/2,+9/2 1 16442.5376(90) 

0.0012 Rotational transition 6,, 5+61, 

0.0010 15/2,+15/2, 23003.8375(70) 

-0.0004 13/2,+15/2, 23004.9912(60) 

0.0007 13/2,+13/2, 23005.3872(80) 

0.0016 13/2,+11/22 23005.4328(80) 

0.0029 13/22+13/21 23005.9321 (SO) 

0.0055 11/2,-+11/2, 23006.1968(70) 

0.0015 13/2,+15/21 23006.5478(90) 

0.0020 11/2,+11/2, 23006.7162(90) 

0.0030 11/2,+13/2, 23007.2224 (60) 

0.0016 15/2,-‘15/2, 23007.6132(70) 

-0.0068 15/22+13/21 23008.0056(50) 

-0.0021 

-0.0094 

0.0041 

0.0048 

-0.0027 

0.0000 

-0.0001 

0.0034 

0.0008 

0.0026 

0.0016 

-0.0038 

-0.0017 

-0.0012 

0.0008 

-0.0019 

s: 
0.0024 

0.0009 

-0.0013 

0.0018 

-0.0006 

0.0022 

0.0027 

-0.0047 

-0.0002 

0.0025 

-0.0032 



Obs.frequency_ Obs_kcalc. ; t _ _ 

Rotatibnd transition 71,i+71,,: . j ‘- 

15/2,+15/2; --30&2.&44(80) -0.0042 -m 

15/2,+15/2; 3!653;ij4(10) -- -0.0033.. 

llL2&3/2, 30553.174(10) -@32 

..’ 

Fc”F ” I ,e 
.Obs.freque~cy-O~s-.-calc. -I- -y ‘: ~. 

. ..z 
_ __--- T 

R~tati~nal~tiamition~1~2, rl?13i,-x,: _._ -- 

23/2,+23/2; 2tii6.&0(20) .- ..0_0O17 ; 

25/2’+2522x 22246. hO(20) .- . -0.0017- 

Rotational trhsition 1 ;;:I+2,26;zi _ I - 

15/2,+13/2x 3065X6290(90)_ c 0;OOOO z .3/21-'1/2~ __ 18286;4$T+(6O) 
13/2,+15/2, 30654.115(10) 0.0017~ 
17/2,+15/2 I 30654.981(10) -0.0017 
Rotatihal transition 81, 7+81,m,: 
15/2,+17/2, 39367.5894(80) iI. 
19/21+2l/21 39367.841(10)- TO.0017 

17/2,+17/2, 39369.589(12) 0.0019 

17/2 r+l 5/2 1 39369_626(12) -0.0034 

19/21+17/21 39372.569(12) -0.0021 

Rotational transition ll,,,+llz,,,: 

23/2,+23/2, 

21/2,-+21/2, 

19/2,+19/2, 

21/21+21i21 

23i21+23i2, 

21/2,+21/2, 

23/2,+23/2, 

23i22+23i?2 

21/2,+21/2, 

19/2,+19/2, 

25/2,+25/2, 

23i23+23i2z 

21/2,-+21/2~ 

12152.770(12) 

12152.797(10) 

12152.8815(801 

12152.8815(80) 

12152.9328(80) 

12153.085(10) 

12153.126(10) 

12153.3684(70) 

12153.4574(80) 

12153.608(12) 

12153.608(12) 

12153.737(20) 

12153.737(20) 

3/2,+3/2, 

l/2,-+1/2, 

1/21+3/2, 

5/2,+7/2, 

3/2,+5/2, 

l/2,+3/2, 

3/2,+1/2, 

3/2,+3/2, 

5/2,+3/2, 

0.0027 7i2 1-‘7i21 

0.0028 5i22-+7i2z 

o.Oc32 7/2,+9/2, 

o.OOo7 1i2,+3i2t 

-0.0008 5/2,+5/2, 

0.0000 3/2,+5/2, 

18286.560&O) 

18286.8512(60) 

18286.9688(60) 

18287.4524(40) 

18287.5793(80) 

18287.939(10). 

18288.035(12) 

18288.1499(60) 

18288.4936(80) 

18288.5798(80) 

18289.046Ci2) 

18289.177(10) 

18289.2392(80) 

18289.5111(60) 

18289.699(10) 

0.0010 

-0.0006 - 

-0.0015 

-0.0006 

0.0002 

-0.0001 

0.0010 

0.0009 

-0.0006 

0.0020 

0.0004 

-0.0003 

-0.0022 

0.0000 

0.0012 

-0.0010 

-0.0023 Rotational transition 4,,,,,*3,31,,: 

0.0000 9i2 l-+7/22 15496.588(10) 

-0.0013 1 l/2,+9/2, 15496.799(10) 

0.0000 g/2,+7/2, 15496.8812(90) 

-0.0063 13/2,+11/2, 15496.976(10) 

0.0078 7/2,-‘5/2, 15497.3310(60) 

-0.0115 9i22+9i21 15497.4113(80) 

Rotational transition 12z,1,*12,,1z: g/2,+7/2, 15497.4686(80) 
21/2,+21/2, 16691.681(12) 0.0040 g/2,+7/2, 15497.7611(90) 

23i2 1+23i2 1 16691.681(12) G.OO1l 7/2,+5/2x 15497.8324(601 

25i2 ,+25/2 L 16691.733(10) -0.0007 11/2,+9/2, 15498.0074(60) 

21/2,+21/2, 16692.510(15) 0.0023 7/2,+7/2, 15498.0987(801 

27/2,+27/2, 16692.510(15) .-0.0043 7/2,+7/2, 15498.1309(80) 

25/2,+25/2, 16692.618(20) .0.0008 g/2,+7/2, 15498.4144(70) 

23/2,+23/2, 16692.618(20) -0.0084 5/2,+3/2 1 15498.6488t70) 

0.0016 

0.0014 

-0.0019 

-0.0004 

0.0017 

-0.0003 

0.0020 

-0.0020 

0.0009 

-0.0015 

-0.0014 

-0.0003 

0.0014 

0.0015 
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Fs'+F m 
E 

Obs.frequency Ohs.-caic. 

5/2,-+5/Z, 15498.7263(60) -0.0018 

5/2,+5/Z, 15499.2294(80) -0.0010 

Rotational transition 5,,,5-+41,4: 

7/2,+7/Z, 

9/2,+7/z, 

11/2,+9/21 

11/21+11/2, 

9/2,+7/z, 

7/2,+7/2, 

11/2,+9/21 

9/22+9/21 

9/2,+9/z, 

11/2,+9/z, 

7/2,+5/2, 

9/2,+7/z1 

13/2,-'11/Z1 

7/2,+7/Z, 

7/22+7/21 

33009.9400(80) 

33010.0532(80) 

33010.0532(80) 

33010.4874(70) 

33010.5478(80) 

33010.5478(80) 

33010.5977(70) 

33011.1633(80) 

33011.2464(90) 

33011.5669(80) 

33011.717(12) 

33011.760(12) 

33011.8269(80) 

33011.924(10) 

33012.2559(80) 

FE'+F w 
E 

Obs.frequency Ohs.-talc 

19/2,+17/z, 34918.704(15) 0.0002 

19/2,-+17/Z, 34918.782(15) 0.0010- 

21/2,-r19/2, 34918_782(15) -0.0028 

-0.0040 25/2,+23/Z, 34918.8694(80) -0.0019 

0.0052 21/2,-r19/2, 34919_254(10) -0.0010 

0.0008 19/2,-cl7/2, 34919.3997(80) 0.0007 

-0.0007 17/2,+15/Z, 34919.954(15) 0.0042 

-0.0014 19/2,+17/z, 34919.954(15) -0.0012 

0.0054 Rotational transition 12,,,.-+13,,,,: 

-0.0012 21/2,-'23/2, 30238.434(50) 0.0070 

-0.0023 27/2,-+29/2, 30238.434(50) 0.0101 

0.0032 25/2,+27/Z, 30239.272(50) 0.0013 

-0.0012 25/2,+27/Z, 30239.272(50) -0.0094 

0.0006 27/2,+29/z1 30239.272(50) -0.0090 

-0.0022 Rotational transition 133,11+14~,1z: 

0.0006 29&-+31/2* 9782.927(12) 

-0.0025 23/2,+25/Z1 9782_927(12) 

-0.0009 27/2,+29/2x 9782.956(10) 

0.0015 

-0.0039 

-0.0008 

-0.0015 

0.0022 

0.0005 

-0.0016 

0.0000 

0.0034 

-0.0026 

0.0009 

0.0008 

0.0001 

Rotational tl -ansition 6,,,+7,., 

17/2,-'17/2, 25794_752(20) 

l3/21'13/23 25794.845(S) 

15/2,-'1S/J, 25794.900(25) 

13/2,+15/Z, 25795.103(10) 

9/2,+11/z, 25795.223(15) 

11/2,-+13/Z, 25795.328(10) 

13/2,+13/Z, 25795.552(15) 

9/z1*9/z1 25795.637(25) 

13/2,+13/Z2 25796.268(25) 

0.0038 

-0.0112 

-0.0084 

0.0013 

-0.0005 

0.0013 

0.0006 

-0.0122 

0.0092 

25/2=-+27/Z, 9782.956(10) 

27/2,*29/2, 9783.3040(90) 

25/2,+27/2, 9783.3680(80) 

25/22+27/22 9?633.3680(80) 

27/2,+29/2, 9783.463(12) 

31/Zx+33/2, 9783.723(12) 

25/2,+27/Z, 9783.777(15) 

27/2,+29/z, 9783.8080(90) 

25/2,+27/Z, 9783.641(12) 

23/2,+25/Z1 9763.841(12) 

Rotational transition 9,,,+8r,7: 

23/2,+21/Z, 14251.4295(90) 0.0000 

19/2,+17/2, 14251.7595(70) 0.0035 

17/2,+15/2, 14251.9318(60) -0.0035 

19/2,+17/z, 14252.0135(70) 0.0013 
Rotational transition lO1, 1)+92, ,: 

17/2,+15/21 34918.704(15) 0.0049 

Rotational transition 152,,3+143,xZ: 

25/2,+23/Z, 11402.391(12) -0.0074 

35/2,-+33/Z, 11402.442(14) 0.0029 

31/2,+29/z, 11402.711(14) 0.0063 

29/2,+27/2, 11402.792(14) -0.0021 

29/2,+27/z, 11402.847(14) 0.0025 

31/2,+29/2, 11402.916(14) 0.0060 



27/2z+2Si2;--: 11463_268(1>) ---‘-.-6.0003_ :. . 35/21-‘33i21 -!3330%328(;4): o.OOs9 -:.‘. -. _. 

33/2,-‘31/2, .11403.268(15) 10.0066 -. 27/2,+25/2x- X3303.328(14) -0.602% - 

Rotational transition 16;; 1,,*15,, x‘1: : ~- 29/2;+27/2, 33%X2361(60) ::-- 0.0044 : 

33/2,+3l/2x 33303.310(12) -0.0065 35/2,-&2, 33304.2361(60)- -0.0036 

Frequencies (in MHz) of the observed and calculated hyperfine transitions 
of Nal’CN in the ground vibrational state. 

F ‘-.F ” 
E E Obs.frequency Ohs.-talc. FE 

‘+F ” 
E Obs.frequency Ohs.-talc. 

5/22+3/2x 15305.4394(90) 0.0014 
l/2=+3/2, 15306.137(10) -0.0017 

3/2,+1/2, 15306.3091 (SO) -0.0024 
Rotational transition 2,, =+l a, 1: 

S/2 ,+5/2, 30589.042(12) 0.0012 
5/2,+3/2, 30591.0338(90) 0.0038 
l/21+1/2, 30591_ 122(10) -0.0092 

l/2,+1/2, 30592.8166(90) 0.0007 
3/2,+5/2 1 30593.0662(80) 0.0018 

Rotational transition 4x,,+4,41;1.: 

7/2 ,+7/2, 10907.563(10) 0.0073 
5/2 1+7/22 10907.9660(90) -0.0038 

9/2 ,+9/22 10908.073(12) -0.0078 
7/2 I+9/2 I 10908.1789(90) -0.OOS6 

9/2 ,+9/2 1 10908.8840(80) 0.0001 

g/2,-+9/2 1 10909.1062(90) -0.0005 

7/2,+7/2, 10909.188(10) -0.0007 

Rotational transition lo , 1+Oo,, D : 11/21+11/21 10910.8728(80) 0.0007 
7/2 ,+5/2 1 15304.941(10) 0.0029 Rotational transition 51,.+5,,s: 

13/21+.13/2t 16356 _ 7424(80) -0.0034 
9/2 ,-+/2 1 16357.3796(80) 0.0045 
7/2 ,+9/2, 16357.4559(80) -0.0008 

.13/21-‘11/21 16358.0093(70) -0.0020 
11/22-+9/21 16358.1327(90) 0.0083 
l1/2x+11/21 16358.2787(80) 0.0018 
11/2,-+11/2, 16358.6742(60) 0.0016 
s/2,+9/2, 16358.7384(90) 0.0917 

15/2,+13/2, 16358.7384(90) -0.0016 
g/2,+9/2 1 16358.9986(70) -0.0044 

11/2,+9/2, 16359.5128(70) 0.0031 
g/2,+9/2, 16359.5717(90) 0.0012 
g/2,+11/2, 16360.1130(80) -0.0057 
7/2,+7/2, 163X1.282(10) -0.0013 

13/22+13/21 16360.3962(70) -0.0016 
13/2,+11/2,. 16360.782(14) 0.0078 
7/2,+9/2 1 16360.782(14) -0.0067 

13/2,+11/2, 10909.2701(70) -0.0009 Rotational transition 61, ,+6,, c: 
g/2,+9/2 1 lOS10.3717(80) 0.9030 11/2,+13/21 22889.7345(80) -0.0036 

7/21+7/21 - 10910.4526(80) 0.0006 1 l/2,+13/2, 22892.1012(70) -0.0052 
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Ff'+F w 
e 

Obs.frequency Ohs.-talc. 

i5/z2+15/z1 22892.4825(90) 0.0001 

g/2,+11/2, 22892.8795(90) 0.0077 

15/2,*13/2, 22892.8795(90) 0.0054 

Rotational transition ll,,,*llz,,.: 

19/2,+19/2, 12506.9890(90) 0.0076 

21/21+21/21 12506.9890(90) 0.0053 

23/2,+23/2x 12507.0403(70) -0.0049 

27/2,+21/2, 12507.1975(80) -0_0069 

23/2,-23/2, 12507.2450(80) -0.0017 

23/2,+23/2, 12507.4828(80) 0.0049 

Rotational transition 12,,,,+12,,,,: 

21/21+21/21 17156.683(12) 0.0025 

23/2,'23/2, 17156.683(12) -0.0002 

25/22+25/22 17157.219(12) -0.0023 

Rotational transition 13,,,,+13,,,,: 

23/2,+23/2, 22833.954(20) -0.0018 

29/2,+29/2, 22834.034(20) 0.0018 

Rotational transition 11,1*20,2: 

3/21+1/21 16881.092(10) 0.0025 

3/21+3/2, 16881_209(10) 0.0027 

l/21+1/2, 16881.499(12) 0.0029 

1/21+3/2, 16881.612(12) -0.0013 

5/2,+7/2, 16882.0966(80) -0.0056 

3/2,+5/2, 16882.222(10) -0.0039 

3/2,+3/2, 16882.788(14) 0.0009 

3/2,+1/2, 16882.788(14) 0.0132 

7/2,+9/2, 16883.817(14) -0.0016 

Rotational transition 40.,,+331.,: 

11/2,-+9/2, 16209.011(12) 0.0021 

s/2,+7/2, 16209.011(12) -0.0007 

Q/2,*7/2, 16209.090(10) -0.0038 

13/2,+11/2, 16209.187(10) 0.0020 

7/2,+5/2, 16209.532(10) 0.0006 

s/2,+7/2, 16209.677(10) 0.0016 

g/2,+712, 16209.972(10) 0.0000 

FE'+F " 
E. 

Obs.frequency Ohs.-talc 

7/22*5/21 16210.0361(80) -0.0010 

11/2,+9/2, 16210.2112(60) 0.0013 

s/2,+7/2, 16210.625(10) 0.0061 

5/2,+3/2= 16210.847(10) -0.0028 

5/2,+5/2, 16211.426(12) -0.0097 

Rotational transition 5,,,5+41,0: 

11/2,-+11/2, 33365.2705(80) -0.0015 

s/2,+7/2, 33365.3241(80) 0.0026 

7/2,+7/2, 33365.3241(80) -0.0002 

11/2,+9/2, 33365.3807(80) -0.0008 

13/2,+11/2, 33365.7676(70) 0.0022 

9/2,+9/2, 33365_9441(80) -0.0013 

g/2,+9/2, 33366.0299(80) 0.0000 

11/2,+9/2x 33366.353(10) 0.0040 

7/2,+7/2, 33367.028(10) -0.0066 

Rotational transition 62,5+71,C: 

13/2,+13/2, 21999.814(10) 0.0049 

15/2,-'17/2, 21999.930(10) -0.0033 

11/2,+13/2, 22000.018(12) -0.0003 

13/2,+15/2, 22000.060(12) -0.0023 

13/2,+15/2, 22000.491(10) -0.0004 

11/2,+13/2, 22000_552(10) -0.0023 

11/2,+13/2, 22000.7233(90) 0.0055 

13/2,+15/2, 22000.9714(80) -0.0025 

Rotational transition 91,,+81,,: 

15/2,-'13/2, 17301.9974(80) -0.0013 

17/2,+15/2, 17301.9974(80) -0.0002 

19/2,+17/2, 17302.036(10) 0.0057 

23/2,+21/2, 17302.2148(80) -0.0023 

19/2,+17/2, 17302.543(10) 0.0021 

17/2,-'15/2, 17302.713(10) -0.0019 

Rotational transition 10l,,+QzI1: 

25/21+23/21 37585.280(12) -0.0054 

17/2,+15/22 37586.363(12) 0.0064 

23/2,+21/2, 37586.363(12) -0.0010 
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Obs .frequ&cy Ohs . -caic~ 

Rotational transition 12;, ,b+13,, 11: 

21/2,+23/2, 23822.X)4(14) 0.0021 

2?/2,+29/2, 23822.504(14) _ 0.0001 

25/2,-+27/2, 23823.3&(14) -o.(X)04 

2712 x+29/2 1 23823.365(14) -0.0017 
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