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The low-lying CCN bending mode of cyanofulminate, NCCNO, was characterized by rotational spectroscopy
in the millimeter-wave and submillimeter-wave range as well as by rovibrational spectroscopy in the far-
infrared range. The spectra exhibit the gross features of a linear molecule. However, a closer qualitative
analysis regarding the low-lying CCN bending mode revealed significant deviations from a harmonic bending
mode that is normally found in a linear molecule. This result was confirmed by a quantitative analysis of the
combined data with an effective Hamiltonian for a linear molecule. In linear molecule notation, the term
value of the first excited state is 80.524 182 (10) cri, and the term values for tHe= 0 andl; = 2 levels

of the second excited state-2are 166.118 254 (16) and 164.604 243 (22) & semirigid bender analysis

of our data, including rotational transitions of the isotopor@E€CNO, NSCCNO, NCCGSNO, and NCCNEO
observed in natural abundance, yielded a considerable quartic contribution to the effective CCN bending
potential functionV(p)/cm™ = 747.40 (81)x (p/rady + 959.2 (24)x (p/rad).

Introduction quartic contribution to the CCN bending potential, and in
d particular, at the QCISD(T)/6-31G* level of theory, a strong

by high-resolution gas-phase spectroscopy for more than thirtyquar.t'c contribution and hence a wide and flat bottom was
years and has become a textbook example of a quasilinear predicted: ] ] ) ]
molecule? until recently very little was known about the Further evidence for NCCNO being an essentially linear
structure and internal dynamics of its halide and pseudohalide Molecule was provided by two successive high-resolution
derivatives. After the infrared spectrum of ONCCNO dissolved Studies. Brupbacher et #l.recorded a Fourier transform
in carbon tetrachloride was reported by Grundmann et al. in microwave spectrum of NCCNO in a supersonic jet. This
19653 it took two decades until Maier and Tefesould record spectrum was interpreted as the rotational spectrum of a linear
the infrared spectra of NCCNO, BrCNO, and CICNO isolated molecule in the ground vibrational state (no vibrational satellites
in argon matrixes. Another decade later, Pasinszki and Were observed). Besides transitions of the main species, they
Westwood1° were finally able to obtain the first gas-phase could also identify rotational transitions of the isotopomers
spectra of these reactive molecules. For all four molecules, Hel NCCNO, NCCNO, NCC*NO, and NCCN®O in natural
photoelectron and low-resolution mid-infrared spectra were abundance, which enabled them to determine an effective
consistent with a linear or potentially quasilinear structure. These ground-state geometryoj and to approximate the equilibrium
results were backed by various medium-level ab initio calcula- geometry (). At the same time, the high-resolution infrared
tions, although the anharmonicity of the respective XCN bending spectrum of NCCNO between 340 and 1250 “énwas
potential function significantly depended on the size of the basis investigated by Guo et &k This spectrum was found to be
set and on the extent to which electron correlation was taken qualitatively consistent with the rovibrational spectrum of a
into account. Nevertheless, the calculations clearly indicated thatlinear molecule with a low-lying bending mode. The funda-
CICNO was the most likely molecule to have a bent equilibrium mental band of the €C stretching mode, at 715 cm, the
geometry with a significant barrier to linearity, whereas NCCNO fundamental band of the NCC bending madeat 404 cm*,

was the most likely to have a linear equilibrium geometry. Even the combination band afs and the CNO bending modg at

for NCCNO, however, the ab initio calculations suggested some 826 cnm?, and the combination band of and the low-lying
CCN bending moder; at 490 cn! could be analyzed in a
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Koput® had shown that BrCNO and CICNO are indeed windows of 11 points for the spectra recorded below 179 GHz
extremely quasilinear molecules, we decided to address thisand 7 points for the spectra recorded above 210 GHz. Transition
question by recording the room-temperature rotational spectrumfrequencies were determined with the help of an automated
of NCCNO in the millimeter-wave and submillimeter-wave peakfinding prograft and corrected for a small<Q0 kHz)
range as well as its rovibrational spectrum in the expected regionfrequency offset using rotational transitions of OCS as refer-
of the CCN bending mode around 90 ciThe resulting data  ence!®

were analyzed initially using an effective Hamiltonian for a With the FASSST system at The Ohio State University,
linear molecule, which was possible for this molecule, in contrast the submillimeter-wave spectrum of NCCNO was recorded in
to the case of the halofulminates. This analysis provided a 25 GHz interval around 500 GHz and calibrated against
spectroscopic parameters which can reproduce the spectrum tootational transitions of SOFor this experiment, a 5.3 m long
experimental accuracy. However, NCCNO is far enough away glass cell was used, and the sample pressure was adjusted to
from the linear limit so that a semirigid bender analysis is the 75 ubar. The pyrolysis was performed in a quartz tube heated
best means of obtaining explicit information concerning the to 820 K along a section. The observed line width (fwhm) was
anharmonicity of the effective potential function for the low- 1.0 MHz, and scanning 25 GHz in 1.7 s with an acquisition
lying bending mode. As for the halofulminatéssuch a fit has rate of 250 kHz, the average density of data points was 16
been carried out, and the results may be compared with ab initioMHz 1.

potential functions for the CCN bending mode. In the course  The far-infrared spectrum of NCCNO between 30 and 120
of our work, the results of an ab initio study of NCCNO by cm?, the expected region of the CCN bending mode, was
Koputt® were made available prior to publication and allowed recorded with a Bruker IFS 120 HR Fourier transform infrared
us to complete our study in a similar manner as for the spectrometer, using a mercury lamp as a source of radiation

halofulminates. and a silicon bolometer as a detector together with au23
Mylar beam splitter. A 3.0 m long absorption ééllwas
Experimental Procedures equipped with PET windows, and at an instrumental resolution

) ) . (1/MOPD) of 0.00184 cm', a total number of 111 scans were
For each experiment, a flow system was set up in which ¢oaqded over a period of 6 h. At 300 K and a sample pressure
NCCNO was generated directly at the inlet of an absorption ot 9 33 mpar. the observed line width (fwhm) was 0.001 20
cell by gas-phase pyrolysis of its cyclic dimer 3,4-dicyano- ¢-1 close to the instrumental line width (fwhm) of 0.001 12
furoxan? a volatile solid which is easily prepared from fuming -1 The pyrolysis was performed in the same quartz tube

nitric acid and cyanoacetic acld.It is worth noting that  hat as used for recording the millimeter-wave spectrum, this
NCCNO is considerably more stable than BrCNO and CICNO time. however. heated to 920 K along a section of 7 cm.

and therefore can be investigated at much higher pressueS (- cajipration of the spectrum was achieved with rotational
mbar) and at much lower flow ratesQ.1 g precursor per hour),  ransitions of residual water in the evacuated interferometer
which was important for the far-infrared measurement. chamber.

The millimeter-wave spectrum of NCCNO was recorded in Experimental uncertainties were estimated to be 10 kHz for
the frequency ranges 5219, 159-179, and 216230 GHz  (otational transitions in the millimeter-wave range and 200 kHz
with three backward-wave oscillator (BWO) based, phase-locked for rotational transitions in the submillimeter-wave range,
frequency synthesizefsand an additional frequency doublér.  yeflecting the different scan strategies, Doppler line widths, and
Above 210 GHz, a liquid-helium cooled InSb hot-electron jntegration times. For the rovibrational transitions in the far-
detector was employed, whereas below 179 GHz, as one goesnfrared, an experimental uncertainty ofx2 104 cm! was
to lower frequencies, a Schottky-barrier diode detector provided estimated.
an increasingly superior signal-to-noise ratio. For the entire  The complete set of rotational and rovibrational transitions

spectral range, a 2.5 m long free-space glass cell was used, an@ised in the present analysis are listed in the Supporting
source modulation together with phase-sensitive detection by |nformation.

means of a lock-in amplifier was applied. The step width was
set to 25 kHz below 179 GHz and to 50 kHz above 210 GHz, Assignment and Interpretation
with an integration time of 100 ms per data point, so that the  The room-temperature rotational spectrum of NCCNO as
recording of 40 000 data points (1 GHz below 179 GHz and 2 illustrated in Figure 1 was found to be essentially the rotational
GHz above 210 GHz) took about 2 h. Modulation frequencies spectrum of a linear molecule with a low-lying bending mode.
were typically 10 kHz with the InSb detector and up to 100 Hence, the assignment of the various vibrational satellites was
kHz with the diode detectors; the optimum modulation deviation straightforward. A closer investigation of the pattern of the
was found to be 250 kHz below 179 GHz and 300 kHz above vibrational satellites associated with the low-lying CCN bending
210 GHz. Because the Doppler width (fwhm) of NCCNO mode v;, however, revealed significant deviations from the
transitions at room temperature is 78 kHz at 52 GHz and 345 pattern expected for a harmonic bending m&de. particular,
kHz at 230 GHz, this result clearly indicates that, at least at as shown in Figure 2 for the second excited CCN bending state,
lower frequencies, the observed line width of the rotational the strongl-type resonance between the= 0 andl; = 2¢
transitions was dominated by pressure broadening. The totalrovibrational levels, which have the same symmetry, shifts the
pressure in the absorption cell was around@r, and no I- = 0 rotational transitions to higher frequencies andlive
pyrolysis products other than NCCNO could be detected in the 2¢ rotational transitions to lower frequencies. The direction of
millimeter-wave spectrum. The pyrolysis was performed in a the shifts clearly indicates that thg= 0 rovibrational levels
simple quartz tube with an inner diameter of 11 mm, heated to lie energetically above the correspondiag= 2 rovibrational
930 K over a length of 25 cm. levels. Analogous shifts are found for all higher excited CCN
All spectra were recorded inf 2lemodulation, resulting in  bending levels observed in the rotational and rovibrational
line shapes corresponding to the second derivative of the spectra.
absorption profile function. The spectra were smoothed by Altogether, around 1000 rotational transitions arising from
applying the SavitzkyGolay algorithm® with smoothing the vibrational ground state, from the first to the seventh excited
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Figure 1. Rotational spectrum of NCCNO between 55.4 and 56.5 GHz, recordefdden2odulation.
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Figure 2. Fortrat diagram of rotational transitions of NCCNO in the= 2 vibrational state. Data faf = 104—109 were recorded but are not

included in the diagram. Transitions between energy levels with e symmetry are represented by filled circles, whereas filled triangles refer to
transitions between levels of f symmetry.

state of the low-lying CCN bending moag, and from the first in natural abundance. The lines of NCNO are overlapped
excited states of the NCC bending madethe CNO bending by the ground-state lines of the parent species. For all but the
modevs, and the G-C stretching mode,, could be assigned. 180 species, lines in the second excited CCN bending state were
Furthermore, 300 lines from a number of vibrational combina- also observed.

tion states could be identified, including + v; andv, + 2v7. As indicated in Figures 2 and 3, the scanned range of
A Fortrat diagram of the rotational transitions of the latter state frequencies up to 210 GHz yielded measurements of transitions
is shown in Figure 3, and again, an inversion of the 0 and with J in the ranges of 1124, 34-37, and 45-49. For the

|7 = 2 rovibrational levels compared to those of a regular linear main species, transitions within the range of 104109 were
molecule is found. A comparison of this figure with Figure 2 observed in the FASSST spectra. Nitrogen nuclear quadrupole
shows graphically that excitation of the stretching megeads splitting could not be resolved for any observed transitions of
to a smaller separation of the term valueslfo= 0 and 2. any of the isotopomers.

With the help of the ground-state constants determined by The band system of the low-lying CCN bending modeén
Brupbacher et al! from their molecular-beam measurements, the far-infrared is shown in Figure 4. The most prominent feature
we were also able to identify in our dense room-temperature in the spectrum is the Q-branch of the fundamental band, starting
spectra more than 200 lines arising from the vibrational ground at 80.5 cm™. The Q-branches of all of the hot bands are shifted
state and the first excited CCN bending state of each of the strongly toward higher wavenumbers. Assignment of P- and
isotopomers®NCCNO, NFCCNO, NCCG®NO, and NCCN8O R-branch transitions belonging to altogether thirteen subbands
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Figure 4. Band system of the low-lying CCN bending modge of NCCNO. The region of the Q branch of the fundamental band has been
expanded by a factor e£40. The letters refer to the assigned subband centers in Table 1 and Figure 6.
TABLE 1: Band Centers in the Band System of the linearity as found for the HCN bending mode of HCR@ould
Low-Lying CCN Bending Mode v; of NCCNO, with Errors not be completely ruled out at this point. This uncertainty
Less than+0.005 cn1? . . . o
underlines the importance of carrying out a semirigid bender

dem em analysis in order to obtain a quantitative potential function.
(a)vi® 80.445 However, because the semirigid bender model does not account
(b) 2028/ — yleft 83.845  (c) 2% —i® 85.670 for those contributions to centrifugal distortion which are due
(d) 37— 22" 86.805 () 3y~ 2% 87.840 to the small amplitude modes, a direct semirigid bender analysis

(f) 4V471e/f _ 3V§e/f 89.425 (g) 4V§e/f _ Sv%elf 89.930

o ot of the highd rotational data would have introduced a consider-
(h) 5% — 4v3® 91.775

able systematic error. Therefore, the rotational and rovibrational
was achieved with the help of an interactive Loomi§ood data were first analyzed using an effective Hamiltonian suitable
program?* The eight band centers defined by these subbandsfor @ linear molecule. The results of such an analysis can be
are summarized in Table 1. With the aid of these assignments,compared with those obtained for other linear and some
the Q-branch transitions were assigned. The assignments includéluasilinear molecules. More important for our purposes, the
transitions from levels with) as high as 96 for the strongest adjusted molecular constants obtained in the nonlinear least-
subbands. squares fits provided the basis for an extrapolation of Jow-
The overall characteristics of the spectrum discussed so fartransition frequenciesJ(< 9) which served as input data for
proved beyond doubt that the CCN bending potential function the semirigid bender analysis. Simple constants from fits to a
of NCCNO is far from being harmonic, and a small barrier to power series inJ(J + 1) were also obtained but did not give
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Figure 5. Reduced term values of the CCN bending levels of NCCNO, calculated from the constants given in Table 2.

reliable extrapolations for NCCNO, in contrast to the situation values forx have been determined. It is worth noting, however,
with the halofulminates. For these latter molecules, the effective that these values rapidly become less negative with increasing
Hamiltonian for a linear molecule was not useful at all; the vibrational excitation, from-0.379 cn?® for the second excited
greater spacing of the interacting levels compared to NCCNO bending state te-0.078 cnt! for the seventh excited bending
means that thetype resonance (or asymmetry) interactions are state. As illustrated in Figure 5, this reflects increasingly narrow
not as strong, and in that case, the power series fits were fully intervals between adjacent term values of diffeterit appears
satisfactory. likely that for even higher vibrational excitations will finally
assume positive values.

With the effective constants in Tables 2 and 3, rotational and
rovibrational transition frequencies could be extrapolated for
low-J transitions involving the vibrational ground state and
excited states of the bending modg for use in a semirigid
bender analysis.

Effective Constants

The observed rotational and rovibrational transitions of
NCCNO could be reproduced to within their experimental
accuracy by the effective Hamiltonian for a linear molecule of
Yamada et at® The matrix elements used here are defined in

the symmetric top basis as Semirigid Bender Analysis

A= G, + xI2+ vl + 712 +
(B, +dyl ¥+ hyHIQ+ 1) — 17 -
(D, + hyl M@ + 1) = 1%+
(H, + s1ANE+ 1) = 1% (1)

A + 20 310+ Gyl + 17 + 400+ 1)] +

ufd0 + DI — Do + 1+ 2) x
VIIE+ 1) = 1+ DIPE + 1) — (1, + )0, + 2)] 2)

1
4
\/(”t == 2) = Dt L+ 2+ 1+ 4) x
x/[J(J +1)— 1, + DI+ 1) — (I, + 1)(; + 2)] x
«/[J(J +1)—(,+2)(,+3)][II+ 1) — (I, + 3)(; + 4)]
(3)

A, + 40= Su, x

The semirigid bender analysis of these rotational and rovi-
brational transitions was performed using the General SemiRigid
Bender (GSRB) program packag@feFor the effective CCN
bending potential function/(p), a simple quadratiequartic
model was chosen

oo 2

_ f_ fonaoux 4
V(o) = Pt 5P 4)

in which the bending coordinageis defined as the supplement
of the CCN angle, anél,, andfyqq denote the quadratic and
the quartic force constant, respectively. Initial values for the
internuclear distances in the linear geometry as well as for the
dependence of the internuclear distances and bond angles on
the bending coordinate were taken from high-level ab initio
calculations performed recently at the CCSD(T)/cc-pVQZ level
of theory by Koput® and made available to us prior to
publication.

The extrapolated transition frequencies and wavenumbers
used in the analysis are listed together with the calculated values
in the Supporting Information. With the inclusion of extrapolated

These matrix elements were extended relative to Yamada et al.data for the main specied € 9, v7 < 7) and four isotopomers

by two higher-order termssyl2 and gufJ(J + 1)]3 for those
states for which higldrotational transitions from the submil-

(J =9,v7 = 1or2), it was found that either seven or eight
parameters could be comfortably determined in the analysis.

limeter-wave range were included. The effective constants Because of the use of data for five isotopic species, all four

obtained from weighted (&) nonlinear least-squares fits are

internuclear distances could be adjusted. In contrast to the case

listed in Table 2 for the main species and in Table 3 for the of BrCNO and CICNO, the rovibrational data from the

isotopomerd>NCCNO, NFBCCNO, NCCG3NO, and NCCNEQ.

fundamental and hot bands could be used to directly define the

As already indicated by the qualitative discussion above, for bending potential. An initial semirigid bender analysis of the

excited states of the low-lying CCN bending magenegative

pure rotational data for NCCNO alone, however, resulted in a
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TABLE 2: Effective Spectroscopic Constants for the Ground State and Excited States of the Main Isotopomer of NCCNO

ground state

V7

21/7

3v 7

41/7

GJem™t 0 80.524 182 (10) 166.118 254 (16) 254.313 248 (21) 345.064 78 (65)
x/cmt —0.378502 7 (37) —0.279 065 2 (25) —0.219 87 (20)
/10~ cm™t 0.915 (10)
z/106cm™?
ByMHz 2310.998 319 (63) 2 323.924 123 (45) 2 335.035 324 (70) 2 345.744 852 (54) 2 355.920 555 (81)
dy/MHz 0.240 747 (23) 0.187 640 2 (96) 0.162 385 (32)
hiy/kHz —0.579 4 (17)
Dy/Hz 143.345 (21) 174.372 (15) 190.767 (26) 208.253 (23) 224.71 (29)
hy/Hz 2.0765 (87) 1.1728 (42) 0.611 (37)
Hy/uHz 199.1 (14) 305.4 (11) 313.9 (22) 344.0 (34) 359.1 (34)
SuluHz 15.20 (78) 8.19 (66) 6.10 (38)
q/MHz 4.335 882 (89) 4.167 35 (22) 4.055 580 (46) 3.9706 (13)
Qu/MHz 0.001 87 (30)
quw/Hz —21.537 (30) —18.240 (67) —16.396 (18) —15.13(11)
QufuHz 132.1(21) 96.9 (36) 82.0(17) 62.8 (33)
Uy/Hz 0.1424 (23) 0.286 (25)
o%kHz | — 18.5
51/7 61/7 71/7 Ve 143
GJecm? 437.905 52 (38)
x/cm™t —0.162 009 (11) —0.117 333 (81) —0.077 522 5 (80)
yi/10-3cm™? 0.673 79 (76) 0.6228 (47) 0.4283 (26)
z/10°6cm?t —2.349 (63) —0.4766 (69)
B/MHz 2 365.712 194 (56) 2 375.192 00 (15) 2384.377 92 (13) 2 314.867 525 (56) 2 313.059 676 (69)
dy/MHz 0.138 051 (12) 0.119 952 (20) 0.108 114 (12)
hi/kHz —0.411 08 (44) —0.306 62 (46) —0.263 51 (21)
D./Hz 241.00 (16) 256.885 (93) 271.80 (10) 141.265 (61) 141.352 (76)
hy/Hz 0.225 (14)
HoluHz 317.0 (43) 462 (24) 240 (29) 208 (15) 154 (19)
SyluHz 9.72 (37)
/MHz 3.897 359 (32) 3.848 06 (72) 3.792 619 (62) 0.945 439 (61) 0.936 973 (76)
u/MHz 0.002 93 (12) 0.002 908 (47) 0.001 210 (76)
qu/Hz —14.080 (13) —14.17 (11) —13.576 (40) —0.717 (17) —0.546 (21)
QuiuHz 56.3 (12)
Ug/Hz 0.4535 (90) 0.3987 (21) 0.1716 (39)
s/kHz — | 14.9 16.6 55 6.8
Va Va + d Va + 2’!/7

GJ/cm™t

x/emt —0.2459 (19)

w103 cm™t

z/10%cm™?!

B./MHz 2 309.177 468 (77) 2 321.407 40 (13) 2332.147 04 (12)

dy/MHz 0.193 236 (35)

hi/kHz

Du/Hz 143.825 (85) 170.77 (15) 179.870 (82)

hy/Hz 2.5710 (99)

HJ/uHz 245 (21) 371 (37) 342 (19)

SyluHz

q/MHz 4.090 32 (14) 3.926 (12)

Qu/MHz

quw/Hz —17.042 (39) —13.11 (35)

QuiuHz

ug/Hz

s/kHz 5.4 12.4 7.8

@ The data for the vibrational ground state and for the first to the fifth excited state of the low-lying CCN bending-muedech include
rovibrational transitions from the far-infrared measurements, have been analyzed in a joint fit. Taking into consideration the differentheeights,
overall standard deviation is 18.5 kHz.

potential function only marginally different from the final a very modest influence on the fit. The parameters obtained
potential function that was obtained from the complete data set. from the semirigid bender analysis (runs | and Il) are presented
The ab initio results for the variation of the internuclear in Table 4, and a graphic representation of the effective bending
distances with the bending coordinatevere adjusted by fitting potential function together with the corresponding bending levels
a common scaling factap, thereby maintaining the relative  is shown in Figure 6. This figure also includes for comparison
amounts of variation, whereas the ab initio results for the the ab initio potential functions calculated by Kopuand
variation of the other bond angles with the bending coordinate previously by Pasinszki and Westwobd.
p were held fixed (run ). In a second run (run Il), an additional The ability of the semirigid bender model to reproduce the
parametef] was fitted which takes into account the contributions bending dynamics of NCCNO is demonstrated in Table 5. Here
of the small-amplitude vibrations to theype doubling of the a comparison is given between the experimental and the
I; = 1 rovibrational state¥’ Inclusion ofg, however, had only ~ semirigid bender term values for the main species. In a separate
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TABLE 3: Effective Spectroscopic Constants for the Ground State and Excited States of Less Abundant Isotopomers of

NCCNO
NCCNCO? 1SNCCNO NICCNO NCGCG5NO NCCN®O
Ground State
B,/MHz 2310.998 319 (63) 2245.151 51 (11) 2290.863 471 (83) 2297.897 36 (22) 2 205.346 96 (27)
D./Hz 143.345 (21) 135.07 (12) 141.477 (87) 142.01 (23) 130.09 (26)
Hy/uHz 199.1 (14) 217 (27) 221 (20) 235 (53) 196 (56)
olkHz 8.2 5.8 15.9 17.2
V7
B,/MHz 2323.924 123 (45) 2 257.658 505 (72) 2303.673 359 (78) 2310.766 52 (11) 2217.602 97 (13)
D./Hz 174.372 (15) 164.334 (75) 172.029 (87) 172.74 (12) 158.19 (13)
Hu/uHz 305.4 (11) 302 (10) 325 (21) 322 (30) 274 (30)
a/MHz 4.335 882 (89) 4.121 190 (80) 4.263 537 (83) 4.286 26 (12) 3.992 53 (14)
aqu/Hz —21.537 (30) —19.450 (21) —20.466 (23) —20.603 (35) —18.460 (36)
uduHz 132.1 (21)
olkHz 7.3 7.2 11.0 11.6
21/7
x/emt —0.378502 7 (37) —0.3896 (73) —0.3722 (38) —0.3887 (74)
B./MHz 2 335.035 324 (70) 2 268.425 11 (16) 2314.678 898 (88) 2321.829 35 (17)
dy/MHz 0.240 747 (23) 0.230 733 (44) 0.239 245 (26) 0.239 526 (49)
Dy/Hz 190.767 (26) 180.05 (10) 188.384 (60) 189.39 (12)
hy/Hz 2.0765 (87) 1.866 (12) 1.9958 (76) 2.000 (14)
Hu/uHz 313.9 (23)
SluHz 15.20 (78)
a/MHz 4.167 35 (22) 4.086 (33) 4.095 (18) 4.195 (34)
qu/Hz —18.240 (67) —17.61 (48) —17.55 (26) —18.34 (49)
uduHz 96.9 (36)
olkHz 9.8 6.2 11.2
aTaken from Table 2.
TABLE 4: Results of the General SemiRigid Bender
(GSRB) Analysis of the Rotational and Rovibrational
Transitions of NCCNO 500 | V=5, =5 V=5, =3 v7=5, l=1
run | run Il h
fuo/ad rad? 0.029 698 (33) 0.029 694 (32) i
fanae/ad rad* 0.4571 (11) 0.4573 (11) — — i
r(NC)mi/pm 116.161 (71) 116.161 (70) aoof Vrehb=t vetb=2 o webl=0 Sf
r(CChmin/pm 136.69 (16) 136.69 (16) ] g
r(CN)min/pm 116.52 (18) 116.52 (17)
r(NO)min/pm 119.468 (77) 119.467 (75) .
¢ 1.3078 (22) 1.3075 (22) = v7=3, ;=3 vr=3, =1
(?r(NC)/dpd)lpm rad?  —0.5009 (08) —0.5008 (08) § 300 S
(3?r(CC)lap?)/pm rad2 5.5791 (94) 5.5778 (94) - d e
(3r(CN)/2p2)/pm rad 2 5.5686 (94) 5.5673 (94) 5 ;
(°r(NO)/3p?)/pm rad? —2.1173 (36) —2.1168 (36) e v7=2, b= /
do(NCC)/dp —0.0715 —0.0718 200
do(CNO)/ap —0.2438 —0.2438 K
§/MHz 0.069 (14)
orlcm™ 0.1682 0.1686
omw/MHz 1.237 1.177
aDerived from the ab initio calculations and held fixéderived 100
from the ab initio calculations and adjusted by fitting the scaling factor
¢.
table, Table 6, a corresponding comparison is shown for the l Y =-0.939

rotational and the centrifugal distortion power series constants
Bps andDpgor the main species. These constants were obtained
by fitting the calculated frequencies (srb) as obtained from the
semirigid bender fit (Table 4, run Il) and the extrapolated

0 5 10 16 20 25 30 35 40
p(CCN) /deg

Figure 6. Effective bending potential from the GSRB analysis (solid
curve) for the CCN bending mode of NCCNO and corresponding CCN

experimental frequencies (exp) to a conventional power seriesbending levels. The dashed curve represents the equilibrium potential

in JJ + 1) for J* < 9. In addition to the direct residuafiBps

= Bpg(exp) — Bpg(Srb) anddDys = Dpg(exp) — Dps(srb), we have
listed explicitly the large-amplitude bending contributiakB,s
(stb) = [Bpd(v) — Bpd0%))(stb) and ADpstb) = [Dpde) —
Dps(09)](srb). Finally, we have entered in the table the differ-
encesoABys and 0AD,s between these calculated vibrational
contributions and the experimental vibrational contributions.
Looking at the values foAB,4srb), we see that they show a
rather regular progression im;, with intervals decreasing
smoothly at highew;. This is consistent with the term value

function calculated by Pasinszki and Westwbatithe QCISD(T)/6-

31G* level of theory; the dotted curve represents the equilibrium
potential function recently calculated by Koffuat the CCSD(T)/cc-
pVQZ level of theory. The arrows indicate observed and assigned
subbands. The letters refer to the observed subband centers in Table 1
and Figure 4.

information in Table 5. Thé®,4srb) values reflect the role of
thel-type interactions, because the effects of these interactions
have aJ dependence that goes primarily with powerd bfgher
thanJ(J + 1).
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TABLE 5: Comparison of the Experimental (exp) Term
Values for the Main Isotopomer of NCCNO with Those
Resulting from the GSRB Parameters (srb) Given in Table 4
(Run 1)

(E/ho)/cmt
4 exp stb exp-srb
° 0.0 0.¢
1t 80.524 182 (10) 80.64 —0.12
22 164.604 243 (22) 164.62 —0.02
3B 251.801 661 (31) 251.64 0.16
48 341.7811 (41) 341.49 0.29
5° 434.276 41 (67) 433.97 1.31
6° 528.92
7 626.20
20 166.118 254 (16) 166.10 0.02
3t 254.934 183 (21) 254.11 —0.08
42 344.1999 (10) 344.58 —0.38
53 436.502 02 (40) 437.40 —0.90
6* 532.48
7 629.71
40 345.064 78 (65) 345.63 —-0.57
5L 437.744 19 (38) 439.17 ~1.43
62 534.69
7° 632.17
6° 535.45
7 633.43

aThe ground state lies at 76.3 chwith respect to the potential
minimum.

As was found also for the halofulminates, the residuals of
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are smaller than the differencéABps between the experimen-
tally determined (exp) and the calculated (srb) vibrational
changes. However, it is noticeable that there are systematic but
different trends in théBysvalues and in thé ABpvalues. This

is most obvious if the levels are ordered as for a bent asymmetric
rotor, using the quantum numbers given at the right in Table 6.
The ground statéB,4s the largest residual, with a sign opposite
to that of the nearest levels. For td®ps values, there is a
different picture: A roughly constant offset in tli®ps values

is found, except for those most perturbedlype resonances,
and the difference®ADps are remarkably small for a large
portion of the levels.

The main point seen in this table is that the vibrational
dependence of botB,s@and Dys is calculated very well. The
dramatic changes in the smalps constants are remarkably well
reproduced, vouching for the validity of the theoretical model
for this molecule. The other point that must be mentioned is
that because all vibrational degrees of freedom other than the
large-amplitude bending motion are neglected, the zero-point
contributions from the small-amplitude vibrations to the rota-
tional constants and to the centrifugal distortion constants, and
these contributions are substantial for the stretching modes, are
not accounted for. The residuals thus reflect the approximations
in the modeling of the bending potential together with the
neglect of small-amplitude contributions, although the neglect
of the small-amplitude contributions to tBgs constants is partly

the constants, the vibrational dependence of the constants, an&ompensated in the adjusted internuclear distances. Further

the residuals of the bending contributionsB{g andDps contain
information about both the molecule and the theoretical model.
Because of the wealth of data for NCCNO, including rovibra-
tional transitions and five isotopic species, the relative impor-
tance of data limitations and model limitations can be distin-
guished more easily than for the halofulminates. dBg; values

refinements in the model could in principle be made in the case
of NCCNO, because so much data is available for it, but it was
appropriate to treat this molecule with a model at the same level
as that used for BrCNO and CICNO in the preceding péaper,
though the different nature of the potential led us to use a
different functional representation for NCCNO.

TABLE 6: Comparison of Power Series Constants Obtained from the Extrapolated Experimental Data for the Main
Isotopomer of NCCNO with Those Calculated from the GSRB Parameters Given in Table 4 (Run II)

Bpy/MHz? DpdHz?
el Bpysrb) OBps ABpqsrb) OAByps Dpy(srb) ODps ADpqsrb) OADps Vo, Kaju
oPe 2311.1964 -0.198 0.0 37 107 0 0,0
1te 2321.7118 0.045 10.515 0.243 54 110 18 3 0,1
1 2326.0675 0.025 14.871 0.223 75 110 38 3 0,1
20e 2335.0773 —0.043 23.881 0.156 -235 108 —272 2 1,0

2% 2335.8790 0.121 24.683 0.320 402 114 366 8 10,2
2% 2335.8783 0.121 24.682 0.320 87 112 51 5 0,2
3te 2341.9136 -0.037 30.717 0.161 —49 98 —86 -9 1,4

3 2350.0479 —0.061 38.851 0.137 -16 99 -53 -8 1,14

e 2347.3096 0.129 36.113 0.327 235 129 198 22 10,3
3 2347.3096 0.129 36.113 0.327 233 128 197 22 w0, 3
40¢ 2356.0176 —0.100 44.821 0.098 —1001 -114 —-1037 —221 2,0

e 2356.5980 —0.036 45.402 0.163 1093 315 1055 208 1,2
4% 2356.5958 —0.036 45.399 0.162 —-14 85 -51 -22 1,2
geelf 2358.2853 0.095 47.089 0.293 246 146 209 40 0, 4
5te 2360.1165 -0.117 48.920 0.081 —309 —-24 —345 -130 2,1

5 2371.7577 —0.066 60.561 0.132 —260 -15 —297 -121 2,1

5l 2366.9421 —0.018 55.745 0.180 402 201 356 94 i3
58 2366.9417 -0.018 55.746 0.181 393 208 366 101 1,3
goelt 2368.8813 0.043 57.685 0.242 263 170 226 63 5
6 2375.2651 —0.081 64.068 0.117 —2471 —-1093 —2507 —1208 3,0

6% 2375.7177 —0.052 64.521 0.146 2359 1148 2323 1041 2,2
6% 2375.7126 —0.054 64.516 0.144 —237 -67 —273 -174 2,2
get 2377.0373 0.002 65.841 0.200 367 228 330 121 1,4
geet 2379.1549 -0.012 67.959 0.186 282 203 245 97 0,6

aThe columndBys lists [Byfexp) — Byy(srb)], andABsrb) lists the calculated (GSRB) vibrational dependencB,gérb) given by Bpgu';) —
Bo(09](srb), whereas the difference betweABy{exp) andAB,{srb) is given in the next column, amBys The column headings fdbs are

defined analogously.
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Discussion Supporting Information Available: Tables including all
experimental transition frequencies and wavenumbers as well
as all extrapolated transition frequencies and wavenumbers used
as basis for the semirigid bender analysis. This material is
available free of charge via the Internet at http://pubs.acs.org.

The most interesting result of the measurements and their
analysis is that the effective CCN bending potential function
for NCCNO, which was determined to be
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