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Molecular Beam Electric Resonance Study of KCN,
K'*CN and KC'N

J. J. VAN VAALS,! W. LEO MEERTS, AND A. DYMANUS
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The microwave spectra of the isotopic species K'*CN and KC*N have been investigated by
molecular beam electric resonance spectroscopy, using the seeded beam technique. For both
isotopic species about 20 rotational transitions originating in the ground vibrational state were
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observed in the frequency range 9-38 GHz. The observed transitions were fitted to an asymmetric

rotor model to determine the three rotational, as well as the five quartic and three sextic centrifugal
distortion constants. The hyperfine spectrum of KCN has been unravelled with the help of
microwave—microwave double-resonance technigues. One hundred and forty hyperfine transitions
in 11 rotational transitions have been assigned. The hyperfine structures of K'*CN and KC"N
were also studied. For all three isotopic species the quadrupole coupling constants and some
spin-rotation coupling constants could be deduced. The rotational constants of the '*C and '*N
isotopically substituted species of potassium cyanide, combined with those of the normal isotopic
species (determined more accurately in this work), allowed an accurate and unambiguous evaluation
of the structure, which was confirmed to be T shaped. Both the effective structure of the ground
vibrational state and the substitution structure were evaluated. The results for the effective
structural parameters are ren = 1.169(3) A, rec = 2.716(9) A, and ren = 2.549(9) A. The values
obtained for the principal hyperfine coupling constant eQg(N), the angle between the CN axis
and zy, and the bond length rcy indicate that in gaseous potassium cyanide the CN group can
be considered as an almost unperturbed CN™ ion.

1. INTRODUCTION

Gaseous alkali metal cyanides® are floppy molecules. They possess large zero-point
bending motion amplitudes (/-3) of up to 15°. The potential energy barrier in the
bending direction is small (less than 0.3 eV) (/-4), and vibrational excitation can
change the structure of the molecule drastically. At high temperatures it will even be
possible for the M* cation to orbit around the CN™ anion. Since no unique structure
can be assigned in this case, Clementi et al. (4) named this type of bonding for LiNC
“polytopic.” The Born-Oppenheimer approximation breaks down since the motions
of electrons and nuclei are strongly coupled, and the rovibrational spectrum of the
molecule cannot be described with a (semi)rigid rotor or small-amplitude vibrator
model. Studies of the alkali metal cyanides give a more complete understanding of
molecules with weak internal interaction.

! Present address: Philips Research Laboratories, 5600 MD Eindhoven, The Netherlands

2In this paper the alkali metal cyanides are denoted by MCN (where M represents the alkali metal),
whatever the structure may be, and the atomic symbol designates the most abundant isotope, unless specified
otherwise.
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Until recently, the structure of the KCN, NaCN, and LiNC molecules was assumed
to be linear. For KCN, a linear cyanide configuration was deduced by Ismail et al.
(5) from vibrational isotope effects of potassium cyanide in inert gas matrices, and
by Pietro et al. (6) from ab initio calculations. Kuijpers et al. (7) reported the first
successful observation of the microwave absorption spectrum of KCN between 85
and 107 GHz. It was, however, not possible to determine the structure, since a
tentative fit of some observed lines to a linear rotor model resulted in improbable
structural parameters. A correct identification was impeded by the appearance of at
least 11 vibrational states in the observed rotational spectrum. However, microwave
absorption experiments at Berlin and molecular beam electric resonance experiments
at Nijmegen established that the most stable structure of KCN in the ground vibrational
state is T shaped (8, 9). Since only one, the most abundant, isotopic species was
measured, no precise structure could be deduced.

In the current work, we present a more accurate and unambiguous structure de-
termination of KCN using isotopic substitution. The microwave spectra between 12
and 38 GHz of the '3C and '°N isotopically substituted species of potassium cyanide
in the ground vibrational state were measured by molecular beam electric resonance
spectroscopy. The seeded-beam technique was used to obtain translational, rotational,
and vibrational cooling. For both isotopic species we observed about 20 rotational
transitions, which were fitted to an asymmetric rotor model. We determined the
rotational, the five quartic, and three sextic distortion constants.

The hyperfine structure of KCN was resolved and identified with the help of mi-
crowave-microwave double resonance. One hundred and forty hyperfine transitions
in 11 rotational transitions have been assigned. In combination with the results of
Torring et al. (8), we deduced more accurate rotational constants of KCN. The
hyperfine spectra of K'>*CN and KC!>N were also unravelled. For all three isotopic
species we determined the hyperfine quadrupole coupling constants eQq,, and eQgq;,
for both potassium and (except for KC'°N) nitrogen, and some spin-rotation coupling
constants.

The rotational constants of all three isotopic species allowed for an unambiguous
and accurate structure determination of KCN, which we confirmed to be T shaped.
Both the effective structure of the ground vibrational state and the substitution structure
were evaluated.

2. EXPERIMENTAL DETAILS

The measurements were performed with the molecular beam electric resonance
(MBER) spectrometer described elsewhere (10, 11). The experimental conditions are
essentially the same as used by Torring et al. (8). The supply and the nozzle chamber
temperatures of the stainless-steel, double-chamber oven were kept at 1150 and 1350
K, respectively. According to Simmons er al. (12), the supply chamber temperature
corresponds to a vapor pressure of monomeric potassium cyanide of about 4 mbar.
The stagnation pressure of the carrier gas argon used to produce a seeded beam was
0.6-1 bar. The strong translational, rotational, and vibrational cooling obtained in
this way simplified the spectra and enhanced the intensity of the observed transitions
considerably by concentrating the population in the low-J states of the ground vi-
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brational state. This resulted in a signal-to-noise ratio for the strongest lines of 40 at
an integration time of 1 sec. The observed linewidth was about 30 kHz. The frequencies
of the observed microwave transitions were determined with an accuracy of typically
a few kHz.

An additional advantage of the seeded beam technique (over, e.g., microwave
absorption spectroscopy) is a very low material consumption (less than 1 g in 15 hr),
which made it possible to study expensive, isotopically enriched samples of K!3CN
(90%) and KC"N (95%).

3. THEORY

The Hamiltonian used in the fit of the hyperfine spectra of potassium cyanide is
(in Cartesian notation) (/3)
2 2
H=3Y[1/6Q#)-Vi)]+ 2 L-M-J+1,-D-L,. (1)

I=1 I=1

Herein, I, and I, are the nuclear spins, J is the molecular rotational angular momentum;
the quantities Q, V, M, and D are the nuclear quadrupole, electric field gradient,
spin-rotation coupling, and spin-spin coupling tensor, respectively. The summation
extends over the two nuclei with nonzero spins. The first sum in expression (1)
represents the quadrupole interaction, the second sum is the spin-rotation interaction,
and the third term describes the spin-spin interaction.

We applied the expressions given by Thaddeus et al. (I14) to obtain the matrix
elements of the hyperfine Hamiltonian for the specific case of two interacting
nuclei {11).

To determine the quadrupole coupling constants eQg,,, the spin-rotation coupling
constants M, and the spin-spin coupling constants D,, with reference to the inertial
axes g = a, b, ¢, we constructed a computer program for the hyperfine interaction
in molecules with two nuclei possessing couplings of comparable strength, employing
the Hamiltonian given by Eq. (1). The following coupling scheme was used:

F] =J+ Il and F = Fl + Iz, (2)

where F is the total angular momentum.

After diagonalization, the energy states are labeled by the quantum numbers J and
F, and by a pseudo-spin quantum number . For a given J and F, the state lowest
in energy is denoted with € = 1; the states higher in energy are labeled e = 2, 3, - - -
consecutively.

The quadrupole and spin-spin coupling constants satisfy Laplace’s equation

€Q4a, + eQqpy + €Qq.c = 0, (3)
and
D,m + Dbb + DCC = O (4)

These constraints are imposed in the calculation. For this reason, eQg.. and D,. are
omitted in the list of constants.
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4. RESULTS

The analysis of the hyperfine spectrum of the asymmetric rotor molecule potassium
cyanide is quite complex because in one rotational transition there are typically about
70 allowed hyperfine transitions (according to the selection rule AF = 0, 1) in a
frequency region of about 3 MHz. As a consequence of apparatus focusing properties,
we only observed a limited number of hyperfine transitions in a given rotational
transition.

The problem of identification was solved by the application of microwave-micro-
wave double resonance. This technique was used to analyze the hyperfine spectrum
of the a-type (i.e., associated with the electric dipole moment u,) 20, — 1o, and the
b-type (i.e., associated with the electric dipole moment g;) 1, — 24, rotational
transition of KCN. A microwave radiation source was scanned around the frequency
of the rotational transition while we monitored specific hyperfine components of the
lo.: — 0o and the 2, — 1, rotational transitions respectively. In this way a decisive
identification was affected. Adding, step by step, more transitions to the least-squares
fit for the hyperfine interaction, we were able to assign all observed hyperfine transitions.
The same procedure was applied to K'>*CN and KC'>N. For these molecules we
started with the hyperfine coupling constants ascertained for KCN. By this approach
a positive identification was possible without the help of double-resonance spectroscopy.
We observed and identified for KCN 140, for K'*CN 68, and for KC'°N 88 hyperfine
transitions in 11, 16, and 20 rotational transitions, respectively (see Appendix).

The best-fit values® for the determinable hyperfine coupling constants of KCN,
K'>CN, and KC"N in the ground vibrational state are presented in Table 1. The
quality of the least-squares fit can be judged* from ¢ = 0.44, ¢ = 0.48, and ¢ = 0.34,
respectively. The nuclear spin of '°N is Y4, so there is no quadrupole interaction due
to this nucleus in KC"*N. For all three isotopic species a reliable determination of
the spin-rotation coupling constants of the potassium nucleus and of the spin-rotation
coupling constant M,(N) of the nitrogen nucleus was not possible. These constants
were constrained in the fit at zero, as was M ,(N) for K'3CN and KC'’N. The spin-
spin coupling constants D, (K-N) and D;,(K-N) were fixed in the least-squares fit
at the values calculated from the effective geometry.

In K'3CN all three nuclei possess nonzero spin. The nuclear spin, Y2, of ’C gives
rise to an additional splitting of the hyperfine transitions due to its spin—rotation and
spin-spin interactions. This effect is only marginal, since there was no observable
splitting or broadening of the measured hyperfine transitions. This justifies the as-
sumption that the nuclear spin of '>C can be neglected in the fit of the observed
hyperfine spectrum.

The hyperfine quadrupole coupling constants are discussed in detail in section 6.

The frequencies vy of the hyperfine-free origins of the rotational transitions are
also evaluated in the fit of the hyperfine structure, and are listed in Table II for the
three isotope species. These rotational frequencies were fitted by a least-squares method

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

% The variance o is defined as [x?/(n — m)]"/?, with x? defined as usual in a least-squares fit, # the number
of spectral lines, and m the number of parameters in the fit.
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TABLE 1
Hyperfine Coupling Constants (16) for the Ground Vibrational State of KCN, K'*CN, and KC'*N

Constant KCN K13CN KC15N Unit
quaa(K) -5.605(5) -5.589(21) -5.614(8) MHz
qubb(K) 2.594(11) 2.594(25) 2.606(7) MHz
quaa(N) 1.921(4) 1.909(9) - MHz
qubb(N) -4.041(15) -4.019(11) - MHz
Maa(N) 9.7(6.2) - - kHz
MCC(N) 0.70(58) 0.62(50) 1.02(59) kHz
Daa(K-N) -0.0454 -0.0450 0.0640 kHz
Dbb(K-N) 0.0209 0.0205 -0.0296 kHz

to an asymmetric rotor model based on Watson’s reduced Hamiltonian (15). The
variance ¢* for the fit of the rotational spectrum of KCN, K'3*CN, and KC'*N was
0.36, 0.60, and 0.60, respectively. For KCN, the frequencies given in Table II were
combined with the frequencies of the rotational transitions assigned by Torring et
al. (8). The rotational transitions of K!3CN and KC"’N were identified by the observed
hyperfine structure, their optimum voltages for the state selector fields, and their
optimum microwave radiation power. For all three isotopic species, we were able to
fit the three rotational constants 4”, B”, and C”, the five quartic centrifugal distortion
constants ..., Thesss Tecces T1, and 7,, as well as three sextic centrifugal distortion
constants H,x, Hy;, and A;x. The remaining four sextic distortion constants H;, Hy,
hy, and hx were constrained at zero. The results are presented in Table III. The
present more accurate results for KCN agree very well with the values obtained by
Torring et al. (8). This is not surprising because preliminary values for the hyperfine-
free v, frequencies obtained by Vaals et al. (9) were already used in their fit.

In the least-squares fit of the rotational spectra the planarity conditions for the 7’s
were not invoked (16). This is a correct approach, since there are five 7’s independently
determinable and the r-planarity defect (/6), A7, given in Table III, is very large.
This indicates that potassium cyanide shows large-amplitude motions.

In Table IV we list the 7-free rotational constants, 4, B, and C, and the centrifugal
distortion constants T,u.., Tppes> Taabh, aDd Tapa. These molecular parameters were
derived assuming planarity (/6) and using 7, and 7,, or 7, and 7., respectively.
The inertial defects AT = (h/8%%)(1/C — 1/B — 1/A) are also listed in Table IV,

The effective moments of inertia I,,, I, and I, in the ground vibrational state were
evaluated (I7) from the 7-free rotational constants using the well-known relations
I, = h/8n°A, I, = h/8x*B, and I, = h/8x>C. The results are given in Table IV.

5. STRUCTURE

The structure of a nonsymmetric, nonlinear, triatomic molecule can be derived
accurately from the moments of inertia of at least two isotopic species. So, we are
now in the position to remove the ambiguity in the structure derived by Torring et
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TABLE II

Frequencies (in MHz) of the Observed® and Calculated Hyperfine-Free Origins of the Rotational
Transitions of KCN, K'*CN, and KC"N in the Ground Vibrational State

Isotope  J' K_4' Ky JUOKLg" Ky Type Obs.frequency Obs.-calc.
KCN 1 0 1 0 0 0 a 9475.4865(30) 0.0045
2 0 2 1 0 1 a 18948.5547(30) 0.0018
3 0 3 2 0 2 a 28416.8015(20) -0.0003
4 0 4 3 ¢} 3 a 37877.8223(20) -0.0007
8 1 7 8 1 8 a 14529.2077(70) 0.0017
g 1 8 9 1 9 a 18157.1001(80) -0.0032
4 2 3 3 2 2 a 37886.9672(80) 0.0047
1 1 1 2 0 2 b 34375.9059(30) 0.0007
2 1 2 3 0 3 b 24504.6206(30) 0.00086
3 1 3 4 0 4 b 14443.3633(30) -0.0008
7 0 7 6 1 6 b 16795.7519(70) -0.0008
K1CN 2 0 2 1 0 1 a 18465.8935(90) 0.0018
4 ¢ 4 3 0 3 a 36912.2301(40) 0.0003
8 1 7 8 1 8 a 14343.9584(70) 0.0032
9 1 8 9 1 9 a 17925.3794(60) -0.0018
19 2 17 19 2 18 a 13059.473(20) -(.0148
20 2 18 20 2 18 a 15781.880(20) 0.0196
21 2 18 21 2 20 a 18864 .081(20) -0.0057
1 1 1 2 0 2 b 32700.0794(90) -0.0028
3 1 3 4 0 4 b 13263.7935(70) -0.0006
7 0 7 6 1 6 b 17208.5231(60) -0.0009
n 2 10 12 1 11 b 27986.980(18) 0.0029
12 2 N 13 1 12 b 16268.537(19) -0.0034
17 1 16 16 2 35 b 32244.202(20) 0.0004
21 3 19 22 2 20 b 36812.959(20) 0.0010
23 3 21 24 2 22 b 12520.298(20) ~-0.0017
26 2 24 25 3 23 b 12824.249(20) -0.0007
KC1SN 2 0 2 1 0 1 a 18564.6047(40) 0.0018
3 0 3 2 0 2 a 27840.7939(40) 0.0009
4 0 4 3 0 3 a 37109.6539(30) 0.0010
8 1 7 8 1 8 a 14409 .3837(60) -0.0002
9 1 8 9 1 9 a 18007.3133(80) 0.0031
" 1 10 11 1 11 a 26391.7895(80) 0.0057
12 1 n 12 1 12 a 31174.6757(80) -0.0003
13 1 12 13 1 13 a 36348.0219(80) -0.0045
19 2 17 19 2 18 a 13099.9462(40) -0.0029
20 2 18 20 2 19 a 15832.1421(40) 0.0008
21 2 18 21 2 20 a 18925.9161(40) 0.0013
23 2 2 23 2 22 a 26260.1079(40) 0.0006
24 2 22 24 2 23 a 30524.6567(40) -0.0012
1 1 1 2 0 2 b 32939.0431(30) -0.0017
7 0 7 6 1 6 b 17235.2403(40) -0.0031
11 2 10 12 1 11 b 28330.3342(70) 0.0003
12 2 M 13 1 12 b 16548.3697(70) 0.0012
17 116 16 2 15 b 32230.0446(90) 0.0021
21 3 19 22 2 20 b 37305.990(16) 0.0004
26 2 24 25 3 23 b 12615.525(10) -0.0028

aThe observed frequencies (]_Q) are evaluated in the least-squares fit of the ob-
served hyperfine spectrum.

al. (8). We fitted 1,, I, and I, of KCN, K'3CN, and KC'N to determine the effective
structure of potassium cyanide in the ground vibrational state. The result is presented
in Table V, and corresponds to “structure B of Torring et al. (8).

All possible combinations of pairs of moments of inertia of two isotopic species
yield structural parameters well within the uncertainties given in Table V. Only when
I, is left out is there a significant deviation of the structural parameters of up to
0.03 A for the CN bond length. This is caused by the fortuity that |a] =~ r;
= (a? + b?)'"? for all three nuclei, especially for potassium, where |a;| — r; >~ 0.00007
A. We define g; and b; as the coordinates of the nucleus i in the principal axes system.
Since [, = Z;m;a? and I. = Z,m;r?, the calculated structure is inaccurate if
I, = Z;m;b? is excluded from the fit. The small inconsistency of structures calculated
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TABLE III
Rotational Constants (16) for the Ground Vibrational State of KCN, K!>)CN, and KC"*N

Constant KCN K1BCN KCSN Unit
A" 58265.8452(35) 55984.083(15) 56347.208(6) MHz
B" 4940.0540(4) 4816.796(3) 4842.403(2) MHz
c" 4536.2176(5) 4418.098(4) 4441.900(3) MHz
LI -5.360(12) -5.28(7) -4.65(6) MHz
Tbbbb -0.02699(2) -0.0266(2) -0.0254(2) MHz
1 ' -0.01882(4) -0.0184(3) -0.0178(2) MHz
ccee .

14 -1.55628(63) -1.4294(68) -1.5369(61)  MHz
1, -0.12089(6) -0.1131(7) -0.1198(6) MHz
Hyk -4.71(14) -4.3(4) -4.18(7) Hz
Hy, 95(3) 96(19) 89(8) Hz
i -2.4(2.1) -7.5(3.0) -3.6(8) Hz
At -0.95(2) -0.89(6) -0.88(2) kHz

from different combinations of I’s and different pairs of isotopic species is a conse-
quence of zero-point vibrations, as illustrated by the finite r-planarity and inertial
defect.

The substitution structure, given in Table V, is obtained using Kraitchman’s equa-
tions (I8). For the location of the carbon and the nitrogen nuclei we applied these
equations on the observed isotope shifts in the moments of inertia of the '3C and
5N isotopically substituted molecular species. Since we did not observe the spectrum
of the *'KCN molecule, the coordinates of the potassium nucleus were determined
by invoking the first-moment (i.e. center of mass) condition (79). It is favorable to
determine the position of the potassium nucleus in this way because it is located very
close to a principal axis (b5 = 0.012 A). In such cases Kraitchman’s equations cannot
be used for accurate coordinate calculations. However, the error in the position is
independent of the coordinate value, when the first-moment condition is used.

The uncertainties in the substitution structural parameters are estimated from the
value of the inertial defect and from comparison with other molecules (20). It was
shown by Costain (21) that the zero-point vibrational effects tend to cancel in the
calculation of the substitution structure, which is expected (21, 22) to be closer to
the equilibrium structure than the effective structure.

The values of the structural parameters rxc and rxy are larger for the effective than
for the substitution structure. This can be understood from the same considerations
as used for the bond length in a diatomic molecule (20) with stretch vibration
(K-[CND]). The value of rc, however, decreases. This can be explained from the large
bending vibration, which can be considered as a wagging of the C~N axis. The stretch
vibrations can be neglected, and the value of the effective bond length is the result
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TABLE IV
Derived Molecular Constants for the Ground Vibrational State of KCN, K!'*CN, and KC"*N

Constant KCN K13CN KC15N Unit

From ty and 1, assuming planarity:

A 58265.3905 55983. 660 56346.771 MHz
B 4939.6565 4816.430 4842.012 MHz
c 4536.0698 4417 .967 4441747 MHz
1 -5.360 -5.28 -4.65 MHz
aaaa

Tobbb -0.02699 -0.0266 -0.0254 MHz
b 0.14827 0.1499 0.1198 MHz
aabb

1 -0.88762 -0.8255 -0.8540 MHz
abab

A 0.4291 0.4364 0.4365 amuA?

From 14 and 1 assuming planarity:

ccce ’

A 58265.4330 55983. 699 56346.809 MHz
B 4939. 6602 4816.434 4842.015 MHz
c 4536.0450 4417.944 4441.724 MHz
1 -5.360 -5.28 -4.65 MHz
aaaa

bbb -0.02699 -0.0266 -0.0254 MHz
1 0.05575 0.0650 0.0363 MHz
aabb

1 -0.80206 -0.747 -0.7769 MHz
abab

Al 0.4298 0.4371 0.4372 amuA?2

From the t-free rotational constants:

I, 8.67374(5) 9.02726(5) 8.96908(5) amuA?
b 102.3105(30) 104.9281(30) 104.3737(30) amuA2
1 111.4137(30) 114.3920(30) 113.7796(30) amuA?

for the “effective” projection of the vibrating C and N nuclei on the equilibrium
position of the C-N axis.

6. DISCUSSION

The measurements of Torring e al. (8) and the preliminary results of the current
work (9) showed that the structure of potassium cyanide is T shaped. This unusual
structure stimulated ab initio calculations of the potential energy surface for both
potassium (I, 2) and sodium cyanide (2), as well as for lithium isocyanide (3, 23).
We established experimentally that the structure of NaCN is also T shaped (24), and
that LiNC has a linear isocyanide structure (/0).

In Table VI are listed some results of ab initio calculations on KCN. The quantities
E(KCN) and E(KNC) are defined as the energies of the linear cyanide and isocyanide



288 VAN VAALS, MEERTS, AND DYMANUS

TABLE V

Effective Structural Parameters (/6) for the Ground Vibrational State and Substitution
Structural Parameters (in A) for Potassium Cyanide

"eN "ke KN
effective structure 1.169(3) 2.716(9) 2.549(9)
substitution structure 1.174(2) 2.711(5) 2.532(5)

configurations, respectively, relative to the energy of the T-shaped configuration.
Although there is an explicit discrepancy for the various theoretical predictions of
E(KCN) and E(KNC), the agreement between the calculated results for the structure
and the accurate experimental values is gratifying.

The hyperfine quadrupole coupling constants given in Table VI are obtained’ from
the ab initio field gradients by a transformation of the calculated quadrupole coupling
matrices to the principal inertia axes system of the ab initio structures. In brackets,
we have shown the results for a transformation to the principal inertia axes system
of the experimental effective structure. A comparison of the listed values for the
quadrupole coupling constants with the experimental results given in Table I shows
that the constants, with respect to the experimental structure, are in better agreement
that the values with respect to the ab initio structure. The agreement is very good
for the field gradients calculated by Wormer et al. (1), if transformed to the experimental
structure.

3 We employed Q(*K) = 0.059 barn, and Q('*N) = 0.0166 barn. These values are from C. M. Lederer,
and V. S. Shirley (eds.), “Table of Isotopes,” 7th ed., Wiley, New York, 1978.

TABLE VI

Summary of Results of ab initio Calculations on KCN (The hyperfine coupling constants (28) are given
for the ab initio structure, and in brackets for the experimental structure (see text).)

Constant Wormer et a/. (2) Klein et al. (3) Marsden (3) Unit
E(KCN) 2020 2280 1090 cm1
E(KNC) 494 600 1170 em-?
TeN 1.157 1.153 1.14 A
TKe 2.906 2.850 2.80 A
*KN 2.582 2.616 2.65 A
quaa(K) -5.582(-5.670) -4.638(-4.940) - MHz
qubb(K) 2.633( 2.721) 1.753( 2.055) - MHz
eQq__(N) 1.513( 1.913) 1.758( 1.896) - MHz

qubb(N) -3.458(-3.858) -3.758(-3.896) - MHz
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TABLE Vil

Principal Hyperfine Quadrupole Coupling Constants for Potassium Cyanide
in the Ground Vibrational State

Constant Potassium Nitrogen Unit
eQq 2.637(9) 1.995(23) MHz
quZ -5.645(10) -4.110(25) MHz

n 0.066(4) 0.029(13}

o{a,z) -4.0(7) 83.7(1.0) degree
8(z,C-N) 85.9(7) -1.8(1.0) degree

Since we determined the quadrupole coupling constants eQq,, and eQg;, in more
than one isotopic species, the principal elements eQg(K), eQg(K) and eQq(N),
e0q(N) of the quadrupole coupling tensors for potassium and nitrogen can be eval-
uated (25). The results are presented in Table VII, including the asymmetry parameter
n = (eQqx — eQq,)/eQq.. In Fig. 1 is shown the orientation of the principal inertial
(a, b, ¢) and quadrupole (x, y, z) axes. The y axis coincides with the ¢ axis. The z
axis is chosen as the axis for which the coupling of the nucleus approximately has
axial symmetry. In Table VII are also listed the angles between the z axis of the
principal quadrupole system for potassium and nitrogen, zx and zy, respectively, and
the principal inertial axis ¢ and the C-N axis, respectively.

As a consequence of the almost completely ionic bonding,® and the large distance
of the potassium nucleus to the CN group, we expect that the CN group can be
considered as a free CN~ ion. This picture is supported by the following arguments.
The determined asymmetry parameters n indicate that the couplings are practically
axially symmetric (eQq, ~ eQg, ~ —'2¢Qq.). For nitrogen, the z axis almost coincides
with the C-N axis. So, the coupling at the nitrogen nucleus is approximately symmetric
about the bond axis between the carbon and the nitrogen. Furthermore, the value
for eQq.(N) is close to the quadrupole coupling constant eQg(N) = —4.090 MHz
evaluated® from the field gradient for the free CN™ ion obtained by Wormer (26) in
a SCF calculation using 54 contracted Gaussian-type orbitals at roy = 1.174 A.
Finally, we expect the equilibrium CN bond length in KCN to be close to the equi-
librium value (27) of ren = 1.173(2) A in the CN™ ion. There is, indeed, a very good
correspondence between this value and the substitution bond length rey = 1.174(2)
A given in Table V.

Ab initio calculations (28, 29) of the rovibrational spectrum of KCN suffer from
serious inaccuracies when the ab initio potential is used. If, however, the ab initio
potential energy is shifted to the experimental geometry (28), the difference between
the theoretical and observed spectrum diminishes dramatically. From the inertial

% This can be inferred from ab initio calculations (Refs. (2. 3)) and is confirmed by preliminary results
for the electric dipole moments g, = 11(1) D and g, = 6(2) D, which we obtained from measurements in
nonzero electric fields using the molecular beam electric resonance technique.
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centre
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FIG. 1. Orientation of the principal axes of inertia (g, b, ¢) and the principal axes of the field gradient
(x, y, z) in the potassium cyanide molecule. The ¢ and y axes coincide and are perpendicular to the molecular
plane. The subscripts K and N are added to clarify the distinction between the potassium and the nitrogen
quadrupole principal axes.

defects A7, listed in Table IV, we can estimate (20) the bending vibrational frequencies
w, =~ h/2x*Al These are 157(30), 154(30), and 154(30) cm™' for KCN, K'3CN, and
KC"N, respectively. This is in gratifying agreement with the results from matrix-
isolation studies (5) (139 cm™') and ab initio calculations (28, 29) (116-120 cm™!),
but in disagreement with the frequency, w, = 207(20) cm™!, obtained by Leroi and
Klemperer (30) from infrared absorption studies. Tennyson and Sutcliffe (28) suggested
that the observed absorption corresponds to a bending overtone. This is not very
probable, since it can be deduced from intensity considerations that the symmetric
stretching mode, w;, should also have been observed by Leroi and Klemperer (30),
which was not the case. The interpretation of Ismail et al. (5), that the spectrum of
KOCN, and not KCN, is observed in the infrared absorption cell seems more likely.

An effort to evaluate the quadratic force constants from the quartic distortion
constants determined from the rotational spectrum was unsuccessful. Even the in-
clusion of the inertial defect and the vibrational frequencies from matrix-isolation
studies (5) did not yield a stable solution. This is a consequence of the large anhar-
monicity of the potential energy surface (I, 2, 28, 29).

The discrepancies in the thermodynamic data for potassium cyanide (5, 12, 31)
from mass spectrometric studies and calculations based on the second and third law,
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can be explained by analogous arguments. In all calculations an incorect structure,
usually linear, of KCN was assumed. However, by moderate thermal excitation the
K* cation can tunnel through the low bending potential barriers, or even orbit around
the CN~ anion. Consequently, for a range of temperatures no specific structure or
vibrational frequencies can be assigned.

The rotational spectrum of KCN in the ground vibrational state can still properly
be described by the semirigid rotor model. The low bending vibrational frequency,
w»>, however, indicates that the molecule is very floppy. Since the potential energy
barriers in the bending directions, E(KCN) and E(KNC), are low, only a few excitations
of the bending vibration will change the effective structure and increase the bending
vibrational amplitude considerably. The bonding then becomes more and more
“polytopic,” and a new description of the rotation—vibration spectrum (28, 29, 32)
is necessary. An experimental investigation of KCN, NaCN, and LiNC in vibrational
excited states is planned in our laboratory. Hopefully, this will yield detailed infor-
mation on the rovibrational spectrum and will give a decisive result for the values
of E(KCN) and E(KCN), now disputed (see Table VI) by various ab initic calculations.
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APPENDIX

Frequencies (in MHz) of the observed and calculated hyperfine transitions
of KCN in the ground vibrational state. Transitions measured using the micro-
wave-microwave double resonance technique are marked *. The corresponding

hyperfine components monitored to observe the double resonance spectrum are

marked X,
F;+Fa" Obs.frequency Obs.-calc. F;*Fz" Obs.frequency Obs. -calc
Rotational transition 1,,,%0,,,: 9/2,°7/2, 28414.9398(30) 0.0025

1/2,5/2, 9475.6680(60) 0.0031 7/2,~7/2, 28415.2151(60) -0.0034

5/2,°5/2, 9476.1140(60)% -0.0015 9/2,°9/2, 28415.4859(80) 0.0024
1/2,71/2, 9476.9100(30)%  0.0008 5/2,%3/2, 28415.4859(80) 0.0016
3/2,°3/2, 9477.0510(30)%  0.0003 7/2,°5/2; 28415.6728(80) 0.0014
Rotational transition 2,,,;°1,,:: 7/2,77/2, 28415.6728(80) -0.0001

3/2,+3/2, 18948.4376(60)* -0.0016 7/2,78/2, 28415.7663(60) 0.0016
1/2,23/2, 18948.5350(60) -0.0020 3/2,25/2;  28415.8940(60) -0.0047
3/2,+1/2, 18948.5795(60)» -0.0013 1/2,1/2, 28416.0023(40) -0.0005
1/2,+1/2, 18948.6781(60)e -0.0004 1/2,°3/2, 28416.0986(40) -0.0019
7/2,75/2, 18948.7321(80)« -0.0055 3/2,°3/2, 28416.1778(40) 0.0019
5/2,23/2, 18949.176(10) -0.0046 5/2,°3/2;, 28416.4406(50) -0.0004

7/2,%7/2, 18949.176(10) -0.0061 3/2,°1/2, 28416.7313(80) -

0
5/2,%5/2, 18949.512(12) -0.0038 7/25+9/2, 28416.8134(60) 0.0001

0

0

nnno
L UUVL

3/2,+5/2, 18949.7210(90)% -0.0010 9/2,+7/2, 28416.8254(60) .0030
3/2,+3/2, 18949.9902(60) 0.0036 3/2,°3/2, 28416.8299(80) .00086
3/2,+3/2,  18950.2345(90) 0.0006 5/2,+3/2, 28416.8299(80) -0.0024
5/2,+3/2, 18950.5099(90) -0.0012 9/2,+7/2, 28416.8835(80) -0.0023
1/2,+1/2, 18950.8601(30)* .0007 5/2,25/2, 28416.9143(60) -0.0024
3/2,+5/2, 18951.0803(30)% .0013 7/2,77/2, 28417.5618(80) 0.0038
3/2,+3/2, 18951.6037(90) .0028 5/2,75/2, 28417.7681(60) 0.0039
1/2,°3/2, 18851.7006(90) .0020 5/2,+1/2, 28417.8593(30) -0.00865
Rotational transition 3,,3:%2,,,: 5/2,°3/2, 28418.0634(80) 0.0046
3/2,71/2, 28414.7135(30) 0.0023 7/2,°7/2, 28418.1529(80) 0.0007
5/2,°7/2, 28414.7557(30) 0.0015 9/2,°7/2, 28418.7753(60) 0.0049
3/2,°3/2, 28414.8070(30) -0.0019 1/2,°3/2, 28418.8164(60) 0.0009

S O O O
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F;*FE" Obs.frequency Obs.-calc. F;*Fs" Obs.frequency Obs. -calc.
5/2,+5/2, 28418.8603(80) -0.0011 21/2,»21/2, 18159.5175(80) -0.0005
5/2,27/2, 28418.9640(60) 0.0010 21/2,»19/2, 18159.9819(80) -0.0009
Rotational transition 4,,,23,,;: Rotational transition 4,,,°3,,,:
3/2,+3/2, 37877.0211(80) -0.0006 7/245°9/2, 37877.3342(80) 0.0058
9/2,+9/2, 37877.2157(80) 0.0024 5/2,+7/2, 37877.5307(80) -0.0058
7/2,»7/2, 37877.416(10) 0.0064 Rotational transition 1;,,72,,,:
3/2,°5/2, 37877.416(10) 0.0056 3/2,71/2, 34372.9843(30)c -0.0013
7/2,+5/2, 37877.6512(50) 0.0005 3/2,~3/2, 34373.0840(40) 0.0007
5/2,°3/2, 37877.7484(80) 0.0020 1/2,»1/2, 34373.4004(50)+ -0.0015
3/2,#1/2, 37877.7484(80) -0.0021 5/2,3/2, 34373.4515(70) 0.0023
7/2,%9/2, 37877.8389(80) -0.0039 1/2,+3/2, 34373.5004(50)¢ 0.0008
11/2,9/2, 37877.8383(80) -0.0031 5/2,»7/2, 34374.0842(30) -0.0019
11/2,%9/2, 37877.8640(30) -0.0023 3/2,»5/2, 34374.1732(50) 0.0001
5/2,75/2,  37878.1360(30) 0.0013 3/2,3/2, 34374.4509(70) 0.0006
11/2,~11/2, 37878.4507(50) 0.0015 1/2,°3/2, 34374.4792(60)c 0.0024
3/2,+5/2, 37878.503(12) -0.0041 3/2,71/2, 34374.5771(70) 0.0025
7/2,+7/2, 37878.5335(50) -0.0000 3/2,°3/2; 34374.6758(50)  0.0035
7/2,+5/2, 37878.746(12) -0.0016 5/2,°3/2, 34374.8183(70)+ 0.0021
7/2,79/2, 37878.817(12) 0.0022 5/2,-3/2, 34375.0498(60) 0.0037
7/2,+7/2, 37879.0526(80) -0.0032 7/2,°7/2, 34375.1716(30) -0.0000
9/2,+9/2, 37879.1620(60) 0.0001 5/2,+7/2, 34375.6808(30) -0.0022
5/2,°5/2,  37879.2327(60) 0.0008 3/2,25/2, 34375.7643(40) 0.0022
3/2,#5/2, 37879.7351(80) 0.0014 5/2,75/2, 34376.1362(50) 0.0003
5/2,+3/2, 37879.765(12) -0.0021 5/2,%3/2, 34376.412(10) -0.0009
7/2,79/2, 37879.7921(50) 0.0008 5/2,%5/2, 34376.6185(70) -0.0006
Rotational transition 8,,,78,,4: Rotational transition 2,,,23,,;
21/2,~19/2, 14529.921(10) -0.0008 5/2,25/2;  24502.6374(40) 0.0008
17/2,»17/2, 14530.0875(80) 0.0002 3/2,°5/2;  24502.8006(50) -0.0020
17/2,+19/2, 14530.4140(80) -0.0021 7/2,75/2, 24502.9079(40) -0.0011
17/2,+15/2, 14530.6402(80) 0.0021 7/2,79/2, 24503.1015(30) 0.0005
17/2,+17/2, 14530.871(10) 0.0005 5/2,°7/2, 24503.4479(70) 0.0005
Rotational transition 9;,4%9,,4: 7/2,79/2, 24503.6488(30) 0.0000
19/2,17/2, 18157.816(15) 0.0074 5/2,+5/2, 24503.7345(50) 0.0007
19/2,+21/2, 18158.291(10) 0.0037 3/2,5/2, 24503.9011(50) 0.0013
17/2,+19/2, 18158.966(12) -0.0069 9/2,29/2, 24504.0913(80) -0.0038
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FE'*FE" Obs.frequency Obs.-calc. FE'*FE" Obs.frequency Obs.-calc
7/2,77/2;  24504.270(10) 0.0025 5/2;+5/2, 14442.9362(80) 0.0003
5/2,+3/2, 24504.270(10) 0.0015 7/2,%9/2, 14443.0087(80) 0.0021
5/2,27/2;  24504.4024(70) -0.0015 9/2,+9/2, 14443.0899(80) -0.0004
Rotational transition 3,,;%4,,,: 5/2,%7/2, 14443.2030(80) -0.0005
5/2,+5/2, 14441.1875(80) -0.0006 5/2:27/2, 14443.421(10) 0.00086
5/2,+7/2, 14441.672(10) -0.0003 3/2,73/2, 14443.421(10) 0.0039
9/2,+11/2, 14441.7443(60) -0.0039 11/2,13/2, 14443.5249(80) -0.0008
3/2,°5/2, 14441.8081(60) 0.0017 7/2,°9/2, 14443.6438(80) -0.0013
5/2,+3/2, 14441.9136(60) 0.0008 9/2,+11/2, 14443.7192(80) -0.0018
7/2,%9/2; 14442.0169(60) 0.0021 Rotational transition 7,, ;76,6
7/2,77/2, 14442.3243(60) -0.0021 15/2,~13/2, 16796.1599(70) 0.0028
7/2,77/2, 14442.3649(80) 0.0030 11/2,°9/2, 16796.440(10) 0.0004
9/2,%11/2, 14442.4577(60) -0.0009 15/2,~13/2, 16796.440(10) -0.0042
5/2,27/2, 14442.6520(60) 0.0034 17/2,+15/2, 16796.4972(90) -0.0015
7/2,79/2, 14442.7013(60) -0.0027

Frequencies (in MHz) of the observed and calculated hyperfine transitions

of K!*CN in the ground vibrational state.

-calc.

FE'*FE" Obs.frequency Obs.-calc. Ft'*Fs" Obs.frequency Obs.
Rotational transition 2,,,*1,,,: 9/2,+9/2, 36911.6259(60) 0.0004
3/2,+3/2, 18467 .5640(80) -0.0014 7/25+5/2; 36912.0581(80) -0.0012
5/23+3/2, 18467.8374(80) -0.0041 5/2,+3/2, 36912.1550(60) 0.0010
1/2,1/2, 18468.1926(60) 0.0007 11/2,79/2, 36912.2704(80) -0.0032
3/2,25/2, 18468.4213(40) 0.0011 5/2,+5/2, 36912.5420(80) 0.0023
Rotational transition 4,,,*3,, ;: 5/2,+5/2, 36912.7995(80) 0.0072
3/2,+3/2, 36911.4342(60) -0.0010 7/2,+7/2, 36913.4567(60) -0.0033
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Fs'-’Fs" Obs.frequency Obs.-calc. FE'-'FE" Obs.frequency Obs. -calc
Rotational transition 8;,,°8,,,: 3/2,°3/2, 32697.2775(80) 0.0067
11/2,~13/2, 14344.3906(80) -0.0030 5/2,+7/2, 32698.2708(80) -0.0024
17/2,219/2, 14344.3906(80) 0.0037 3/2,75/2, 32698.3566(80) -0.0012
21/2,»19/2, 14344.6690(80) -0.0031 Rotational transition 3,,:;24,,,:
17/2,717/2, 14344.833(10) -0.0055 5/2,+5/2, 13261.6273(70) -0.0015
15/2,%17/2, 14345.151(10) 0.0027 3/2,%5/2, 13262.2442(60) -0.0011
17/2,15/2, 14345.388(12) 0.0084 5/2,23/2, 13262.3422(60) -0.0054
17/2:*17/2, 14345.6115(70) 0.0003 7/2,+9/2; 13262.4516(70) 0.0012
Rotational transition 9;,4°9;,4: 7/2,°7/2, 13262.7626(70) 0.0055
19/2,219/2, 17925.4546(90) 0.0010 7/2,77/2, 13262.8026(70) 0.0037
19/2,+19/2, 17925.6094(80) 0.0022 Rotational transition 7,,,26,,¢:
19/2,>17/2, 17925.7786(90) 0.0042 15/2,+13/2, 17208.9254(60) -0.0014
13/2,+15/2, 17925.8398(90) -0.0023 11/2,+9/2, 17209.2094(80) 0.0031
19/2,221/2, 17925.8398(90) 0.0015 15/2,213/2, 17209.2094(80) -0.0001
17/2,%19/2, 17925.980(10) -0.0066 17/2,715/2, 17208.2644(60)  -0.0003
19/2,17/2, 17926.0918(80) 0.0030 Rotational transition 11,,,,°12;,:1:
23/2,221/2, 17926.0918(80) 0.00M11 23/2,%25/2, 27986.170(20) -0.0098
17/2,717/2, 17926.158(10) 0.0035 23/2,+25/2, 27986.796(30) 0.0142
17/2,+19/2, 17926.554(10) 0.0048 21/2,+23/2, 27987.373(20) 0.0035
19/2,+21/2, 17926.554(10) -0.0054 Rotational transition 12,,,,°13,,,,:
17/2,+19/2, 17927.2366(80) -0.0057 27/2,%27/2, 16267.747(20) 0.0049
15/2,+15/2, 17927.7334(90) 0.0053 27/2,%29/2, 16267.747(20) -0.0104
21/2,+21/2, 17927.7838(90) -0.0036 23/2,~25/2, 16268.937(30) 0.0124
21/2,»19/2, 17928.2482(60) -0.0016 Rotational transition 17, ;,*16,, 15:
Rotational transition 19,,,,219,, ,4: 33/2,#31/2, 32243.819(20) -0.0053
43/2,+43/2, 13059.228(20) 0.0049 37/2,735/2, 32244.932(20) 0.0053
35/2,235/2, 13059.855(20) -0.0049 Rotational transition 21;,,4722,, 24
Rotational transition 20,,,4%20,, 1s: 45/2,+47/2, 36812.477(20) -0.0082
45/2,+45/2, 15781.603(20) -0.0056 37/2,°39/2, 36813.202(20) 0.0082
43/2,+43/2, 15782.416(20) 0.0056 Rotational transition 23;,,,°24,,,,:
Rotational transition 21,,,,21,, 44 49/2,+51/2, 12519.786(20) 0.0007
43/2,+43/2, 18863.825(20) 0.0041 45/2,+47/2, 12520.565(20) -0.0007
43/2,+43/2, 18864.724(20) -0.0041 Rotational transition 26,, ,,%25;,23:
Rotational transition 1,, ;%2,,,: 51/2,+49/2, 12823.963(20) -0.0035

3/2,71/2, 32697.1706(80) -0.0032 55/2,+53/2, 12824.798(20) 0.0035
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Frequencies (in MHz) of the observed and calculated hyperfine transitions

of KC!*N in the ground vibrational state.

FE'*FE" Obs.frequency Obs.-calc. Fe'*Fs" Obs.frequency Obs.-calc
Rotational transition 2,,,21,,.: 13,713, 26391.738(15) -0.0040
2,72, 18564.3294(70) 0.0048 10,+10, 26391.840(15) 0.0040
2,2, 18564.717(15) -0.0072 12,212, 26391.840(15) -0.0034
3,3, 18564.717(15) -0.0074 Rotational transition 12,,,,%12,,,,:
1,21, 18565.728(12) 0.0006 10,+10, 31174.623(15) 0.0005
1,21, 18567.1311(50)  -0.0009 14,+14, 31174.623(15) -0.0053
Rotational transition 3,,;%2,, ,: 11,~11, 31174.728(15) 0.0053
4,74, 27839.4499(80) -0.0067 13,213, 31174.728(15) -0.0006
1,1, 27840.5122(50) 0.0000 Rotational transition 13,, ,,13,, 15:
3,73, 27840.8628(80) 0.0037 11,»11, 36347.969(15) -0.0005
4,44, 27840.8628(80) 0.0033 15,+15, 36347.969(15) -0.0049
2,2, 27841.5152(70)  -0.0003 12,+12, 36348.075(15) 0.0049
Rotational transition 44, ,23,,: 14,+14, 36348.075(15) 0.0005
3,73, 37109.5313(40) -0.0002 Rotational transition 19,, ;,°19,, 1s:
2,2, 37109.5313(40) -0.0008 17,217, 13099.9300(80) -0.0014
4,74, 37109.6955(50) 0.0014 21,-21, 13099.9300(80) -0.0005
5,25, 37109.6955(50) 0.0007 18,+18, 13099.9624(80) 0.0005
3,73, 37110.1883(60) -0.0001 20,-20, 13099.9624(80) 0.0014
2,72, 37110.9368(80) -0.0013 Rotational transition 20,,,4220,, ;4:
Rotational transition 8,,;28,,,: 18,718, 15832.1274(80) 0.0012
6,76, 14409.335(15) 0.0095 22,422, 15832.1274(80) 0.0025
10,-+10, 14408.335(15) -0.0042 19,+19, 15832.1568(80) -0.0025
7,77, 14409.433(15) 0.0065 21,21, 15832.1568(80) -0.0012
9,+9, 14409.433(15) -0.0073 Rotational transition 21,, ,4%21,, 24
8,78, 14408.6767(90)  -0.0017 18,+19, 18925.8979(80) -0.0012
Rotational transition 9,,,°9,,,: 23,423, 18925.8979(80) 0.0005
7.7, 18007.261(15) 0.0040 20,+20, 18925.9343(80) -0.0005
11,»11, 18007.261(15) -0.0073 22,22, 18925.9343(80) 0.0012
8,8, 18007.365(15) 0.0073 Rotational transition 23,,,,223,, 22
10,+10, 18007.365(15) -0.0040 21,721, 26260.0877(80) -0.0012
Rotational transition 11,,,,*11,,,,: 25,+25, 26260.0877(80) 0.0014

91"91

26391.738(15)

0

.0034

22,722,

26260.1280(80) -0.0014
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FE'+F£" Obs.frequency Obs. -calc. Fs'*FE" Obs.frequency Obs.-calc.
24,24, 26260.1280(80) 0.0012 12,12, 28330.364(12) 0.0024
Rotational transition 24,,,,224,,,;: 11,211, 28330.364(12) -0.0049
22,722, 30524.6369(80) 0.0001 Rotational transition 12,,,,*13,,,,:
26,726, 30524.6369(80) 0.0032 14,14, 16548.359(12) 0.0058
23,23, 30524.6765(80) -0.0032 11,+11, 16548.359(12) -0.0019
25,725, 30524.6765(80)  -0.0001 13,713, 16548.392(12) 0.0019
Rotational transition 1,,;22,,,: 12,712, 16548.392(12) -0.0058

0,0, 32936.9888(40)  0.0000
1,71, 32938.1603(60)  0.0005
3,73, 32938.5115(40)  -0.0011
2,42, 32939.5648(50)  0.0008
2,72, 32940.5680(40)  0.0003

Rotational transition 7,,+?6,,¢:

Rotational transition 17,, 165, 5:

16,+16, 32230.037(15) 0.0042
15,715, 32230.037(15) 0.0028
17,217, 32230.037(15) -0.0028
18,718, 32230.037(15) -0.0042

Rotational transition 21,,,4%22,, 54

6,76, 17235.1880(70) 0.0012 23,+23, 37305.999(30) 0.0122
7,77, 17235.2213(70) 0.00M 20,220, 37305.999(30) 0.0094
5,75, 17235.2382(70) -0.0024 22,422, 37305.999(30) -0.0095
8,78, 17235.2746(70) 0.0005 21,721, 37305.999(30) -0.0122
6,76, 17235.5144(80) 0.0027 Rotational transition 26,,,4,°25,, 23
5,75, 17236.5975(70)  -0.0024 25,725, 12615.515(15) 0.0023
Rotational transition 11,,,4712,, 11 24,24, 12615.515(15) 0.0006
13,713, 28330.315(12) 0.0049 26,426, 12615.515(15) -0.0006
10,10, 28330.315(12) -0.0025 27,27, 12615.515(15) -0.0023
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