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The molecular parameters of cyanofulminate, NCCNO, have been determined in large-scale ab initio
calculations using the coupled-cluster method, CCSD(T), and basis sets of double- through quaglnajte-

The equilibrium structure of the molecule was found to be linear, with a strongly anharmonic potential energy
function of the CCN bending motiorv{ mode). The rotationbending energy levels were then calculated
using a semirigid-bender Hamiltonian. The vibrational energy levels and effective rotational constants
determined for various; states were found to be in good agreement with the experimental data.

1. Introduction range were investigated. Rotational transitions arising from
NCCNO molecules in the excited states were measured, and
the spectrum was analyzed using a linear-molecule effective
Hamiltonian. The changes in the rotational constants with
excitation of thev; mode were found to deviate significantly
from those expected for a typical linear molecule. The spec-
. 5 - . troscopic data were further analyzed using a semirigid bender
and theoreticall§® to be also quasmnear_._Bqth halofulminate ., 4ei12 |n conjunction with the unpublished results of this
molecules were found to be bent at equilibrium. However, the o 5retical study, the effective CCN bending potential energy

CICN and BrCN bending potential energy functions were g,nction was determined by Lichau et'4ko be indeed strongly
determined to be strongly anharmonic, with the barriers at linear gnnarmonic. with a considerable quartic contribution.

configurations of 167156' and 13¥/11% cm, respectively. The present study was undertaken with the aim of predicting

On thg other hand, cyanofulminate is isoelectr.o.nic with carbon 4 spectroscopic properties of cyanofulminate by the ab initio
suboxide, OCCCO, another example of a quasilinear molécule. approach and of assisting the experimental stddfhe

The OCCCO molecule was found, refs 6 and 7 and referencesg, songively correlated electronic wave functions in conjunction

therein, to be nearly linear at equilibrium and to undergo a large- i, |arge” one-particle basis sets were used to compute the
amplitude C(,:C pendmg motion. The CCC,’ bendlng potgnnal equilibrium structure and CCN bending potential energy func-
energy function is also strongly anharmonic, with a barrier to 4 of the NCCNO molecule. The associated rotatibending

; ; N 1 : ) - : _
linearity of only~30 cnm . Therefore, the immediate qUESLion  gnergy |evels were then determined by solving the four-
arises about whether the equilibrium structure and nature of the yi\ansional rotatiorvibration Schidinger equation.

CCN bending motion of the NCCNO molecule are similar to
those of the halofulminates, those of OCCCO, or perhaps to 5 Method of Calculation
those of neither set of molecules.

In a series of papefs® the photoelectron, microwave,
infrared, and ultraviolet spectra of cyanofulminate were inter-

Cyanofulminate, NCCNO, is a pseudohalide derivative of
fulminic acid, HCNO. The parent species is a well-known
example of a quasilinear molectleand it undergoes large-
amplitude HCN bending motion. The two halofulminates
CICNO and BrCNO were recently shown both experimenidlly

The molecular parameters of cyanofulminate were calculated
using the coupled-cluster method including single and double
preted as those characteristic of a linear molecule. The excitations and a perturbational correction due to connected

. . . . D " e :
experimental evidence was further supported by results of the riPle excitations, CCSD(TIF' The one particle basis sets used
ab initio calculations at the QCISD(T)/6-31G* level of thedry. &€ the correlation-consistent polarized valence basis sets, cc-

The NCCNO molecule was computed to be linear at equilibrium, PYNZ:* The quality of the basis sets ranges from double-

with the CCN bending potential energy function being wide — D). through triple¢ (n = T), to quadruples (n = Q). The
and flat in the vicinity of a minimum. Additionally, the largestbasis set employed, cc-pVQZ, consists of s5(E2f1g)/

fundamental frequency of the CCN bending mode, was ~ [254P3d2flg] set for carbon, nitrogen, and oxygen. Only the
determined from the analysis of infrared combinations bands SPherical harmonic components of polarizatidrthrough g

to be only 86 cm. Pasinszki and Westwobdoncluded that functions were used. In the correlation treatment involving only
“the molecule is predicted to have a large amplitude deforma- the valence glectrons, thes-like core orbllt(:llsdoi the c;’:\rbon,.
tion, suggesting possible quasi-linear behavior”. The definitive N'Irogen, and oxygen atoms were excluded from the active
experimental evidence for such behavior came from the very SPace , , , ,
recent study by Lichau et &i,in which the high-resolution The core-related correlation effects were investigated using

spectra of cyanofulminate in the millimeterwave and far-infrared th_e correlatipn-consistent polarized c_ore-val_ence bgsis set of
triple- quality, cc-pCVTZ!® The basis set is obtained by

*To whom correspondence should be addressed. Department of augmenting the standard cc-pVTZ basis set withsa2d) set,

Chemistry, Adam Mickiewicz University, Grunwaldzka 6, 60-780 PSznan a_nd it consists thus of a ($'é103d10/[6_§5p3d1f] set fo_r carb_on,
Poland. E-mail: koput@amu.edu.pl. nitrogen, and oxygen. In the correlation treatment involving the
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TABLE 1: Equilibrium Molecular Parameters of NCCNO, TABLE 4: Optimized Values of the Molecular Parameters
Determined Using the CCSD(T) Method and Various of NCCNO, Determined for Various Assumed Values of the
cc-pVnZ Basis Sets CCN Angle at the CCSD(T)/cc-pVQZ Level of Theory

cc-pvDZ cc-pvTZ cc-pvQz 0J(CCN) 180 170 160 150 140
r(NC) (A) 1.1842 1.1687 1.1651 r(NC) (A) 1.1651 1.1651 1.1646 1.1640  1.1633
r(CC) (A) 1.3834 1.3685 1.3675 r(CC) (A) 1.3675 1.3693 1.3728 1.3794 1.3885
r(CN) (A) 1.1864 1.1713 1.1678 r(CN) (A) 1.1678 11691 1.1732 1.1798  1.1885
r(NO) (A) 1.1999 1.1946 1.1926 r(NO) (R) 1.1926 11920 1.1903 1.1878  1.1847
Energy+ 260 (hartree) —0.166288 —0.406295 —0.481067 O(NCC) (deg)  180. 179.07 17828 177.71 17745

0O(CNO) (deg)  180. 177.38 17486 17255 170.53
TABLE 2: Equilibrium Structural Parameters of NCCNO, energyhc(cm )2 0. 17.6 89.5 2735 667.9
Determined at the CCSD(T)/cc-pCVTZ Level of Theory 2 Relative to the energy of the linear configuration.
valence only all electrons ] o )

(V)a (AP A-V resulting from the semirigid-bender analysis. Except for the NO
r(NC) (A) 1.1676 1.1657 —0.0019 bond length, the calculated values agree with those derived from
r(CC) (A) 1.3693 1.3675 ~0.0018 the latter analysid to within the error bars (the experimental
r(CN) (A) 1.1704 1.1687 —0.0017 uncertainties are estimated to be ab&u®.001 A).
r(NO) (A) 1.1937 1.1920 —0.0017 The CCN bending potential energy function has been
2 Correlating only the valence electroRCorrelating all of the ~ determined by optimizing the structural parameters of cyanof-

electrons. ulminate for various assumed values of the valence angle CCN.
) Results of the calculations are presented in Table 4. The bent
TABLE 3: Experimental (rs and rmin) and Calculated (e) NCCNO molecule is predicted to have a W-shaped overall
Structural Parameters of NCCNO : -
structure, with the trans conformation of the NCCN and CCNO
re Frmin® re moieties. All of the structural parameters are found to vary
r(NC) (A) 1.1606 1.1616 1.161 significantly with the CCN angle. For the CC and CN bond
r(CC) (A) 1.3633 1.3669 1.366 lengths, the differences amount to more than 0.02 A when the
r(CN) (A) 1.1574 1.1652 1.164 CCN angle ranges from 18@o 14C°. The calculated structural

r(NO) (A) 1.1933 1.1947 1.190 parameters of cyanofulminate can be expanded as polynomials
2 Reference 10° Reference 11¢ The estimated complete-basis-set in the coordinate, defined as the supplement of the valence
limit at the CCSD(T) level of theory, including the cerelectron angle CCN. The expansions may be given as
correlation effects.

_ _ 2 4
core and valence electrons, all of the molecular orbitals were r(NC)=1.1651- 0.004p" + 0.001%

included in the active space. r(CC)= 1.3675+ 0_042@)2 + 0_000104
The ab initio calculations were performed using the MOL- ) 4
PRO-2000 package of ab initio prograig° r(CN) = 1.1678+ 0.045%" — 0.006(
_ 2 4
3. Results and Discussion r(NO) = 1.1926-0.0193" + 0.0064
— 3
The calculated equilibrium molecular parameters of cyanof- 0=5.3% — 3.5
ulminate are given in Table 1. For all of the basis sets employed, =151 — 3-1603 1)

the equilibrium structure of the NCCNO molecule was found

to be linear. The calculated total energy and structural parametersyhere p is given in radians, the bond lengths are given in
appear to converge to well-defined asymptotic limits with angstroms, and the supplements of the valence angles NCC and
enlargement of the one-particle basis set. CNO, o andt, respectively, are given in degrees.

The core-related correlation effects were investigated by  To represent the calculated total energies in the form of a
comparing the results of calculations correlating only the valence CCN bending potential energy functitffp), the ab initio data
electrons with those when all of the electrons were correlated. were fitted with an analytical function. As in the experimental
The bond lengths determined for the equilibrium configuration study!! a simple two-term polynomial expansion was found to
of cyanofulminate are listed in Table 2. Inclusion of the core- satisfactory represent the calculated function:
related effects decreases all of the bond lengths to nearly the

same extent, by about 0.002 A. V(p) = f,p° + f,0° )

To estimate the complete basis set (CBS) limit for a molecular
parameter, the exponential/Gaussian extrapolation fofnukes The expansion coefficients andf, were adjusted in a least-
applied. The other analogous extrapolation algoriiniwere squares fit of formula 2 to the calculated total energies (Table

also applied, and the spread in the determined CBS limit values4). The root-mean-square deviation of the fit is 0.2 émand

was used as an estimate for extrapolation accuracy. The totalthe adjusted parameters dpe= 520.2 cm! andf, = 1744.2
energy lowering from the cc-pVQZ to cc-pV5Z basis set cmL. This potential energy function is referred to hereafter as
computed in this way is~27 mhartrees, whereas that to the function I.

infinite basis set is estimated to be42 mhartrees. The best The core-related corrections to the CCN bending potential
estimate of the structural parameters of cyanofulminate can beenergy function are given in Table 5. Inclusion of the corrections
determined by adding the changes in the parameters due to theesults in a slightly steeper function. The core-related corrections
core-related correlation effects to the CBS limits determined were added to the total energies obtained with the cc-pvQZz
with the valence cc-pNZ basis sets. The equilibrium bond basis set, and the corrected CCN bending potential energy
lengths calculated in this way are given in Table 3. The function was fitted with formula 2. The parametdssand f4
calculated values compare favorably with the experimental were calculated to be 637.2 and 1730.4 émespectively. This
datal®1l especially with the effective bond lengthsgin, potential energy function is referred to hereafter as function Il.
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TABLE 5: Total Energy @ of NCCNO (in cm™) as a TABLE 6: J = |l;] Rotation—Bending Energy Levels (in
Function of the CCN Angle, Determined at the CCSD(T)/ cm~1) and Changes in the Effective Rotational ConstanB
cc-pCVTZ Level of Theory (in MHz) Due to Excitation of the CCN Bending Mode, v7,
O(CCN) 180 170 160 150 140 of NCCNO
valence only (V) 0. 92 601 2162 5825 energyhe(calc.}  energyic  AB(caledf _ AB
all electrons (Ay 0. 13.2 74.2 247.1 636.3 v | Il (exp.)° | Il (exp.)Pe
AV 0. 40 141 309 538 0 0.0 0.0 000 00 00  0.000
aRelative to the energy of the linear configuration, calculated with ~ 1* 77.9 82.6 80.60 11.3 110 10.758
the structural parameters given in Table Correlating only the valence 1 77.9 82.6 80.60 156 151  15.093
electrons¢ Correlating all of the electrons. 22 161.3 170.3 164.76 258 25.0 25.002

20 164.8 173.3 166.12 243 238 24.037
38 249.4 262.4 252.04 372 36.3 36.440

v 3t 255.0 267.2 25411 312 306 30.878
A o 3t 255.0 267.2 254.11 38.8 38.1 38.988
1 44 341.7 358.4 341.86 48.1 46.9 47.382

600 42 348.5 364.2 344.34 455 447 45561

: 40 350.8 366.1 345.06 445 439 44919
E 5° 437.6 457.9 434.25 584 57.2 57.927
. 53 445.1 464.1 436.68 55,6 547 55.925

‘-E J 5t 448.9 467.4 437.82 48.7 48.1 49.001
< 400 A 5t 448.9 467.4 437.82 59.5 58.6 60.693
2 ] 6 537.0 5605 68.3 67.0 68.145
B ) 6* 544.6 566.9 655 645 66.041
:’ij ) V) 62 549.4 570.9 63.6 62.8 64.664
] 6° 550.9 572.2 63.0 622 64.185

200 a Calculated using the CCN bending potential energy functions |

and I, respectively. The ground-state energy level is found to lie 70.4
E () and 75.9 (1) cnt® above the minimum of the potential energy
. function. ® Calculated and experimental ground-state effective rotational
- constant® are 2308.5(1), 2314.3 (Il), and 2310.9983 MHz, respectively.
0 Fr-r=<—rrr T T T T ¢ Determined using the spectroscopic constants from ref 11.

180 170 160 150 140

CCN angle (deg)

vibration of a semirigid linear molecule. In comparison with
the experimental dafd,the energy levels determined using the

; ) A potential energy function Il are systematically overestimated,
calculated CCN bending potential energy function of NCCNO. The

theoretical points were determined at the CCSD(T)/cc-pVQZ level of Whereas for the fuhnCtlon |, this is the case o_nly for the hlgher;]
theory, without (circles, “function I") and with (triangles, “function  €Xcited states. The root-mean-square deviation between the

II) the core—electron correlation effects. experimental and calculated energy levels is determined to be
about 5 and 18 cmt for the functions | and I, respectively.

In the experimental study,the expansion coefficients of the  Bearing in mind that the experimental energy levels span 5
effective CCN bending potential energy function were deter- excited vibrational states of the mode, the agreement can be
mined to bef, = 747.4 cm! andf, = 959.2 cml. The ab called good. However, it is less satisfactory than in the case of
initio calculated values, especially that féy, seem to be halofulminate$® or carbon suboxidéThis may be the indirect
somewhat different. However, as shown in Figure 1, agreementevidence that the CCN bending motion for cyanofulminate is
between the calculated and experimental function is quite more strongly coupled with the small-amplitude vibrations than
satisfactory. It must be pointed out that the calculated function the corresponding bending motions for the CICNO, BrCNO,
represents a minimum-energy (equilibrium) path along the CCN and OCCCO molecules. In fact, as shown by the harmonic
bending coordinate, whereas the experimental function is an potential energy distribution for the NCCNO molecéline v,
effective (mass-dependent) function. It incorporates contributions normal mode consists of 78% of the CCN bending vibration
from all of the small-amplitude vibrations of the NCCNO and of 21% of the CNO bending vibration.
molecule (the zero-point averaging effect). The calculated rotationbending energy levels were then used

The accuracy of the computed molecular parameters can beto determine the effective rotational constaBtfor each
assessed by comparing the calculated and observed retation vibrational v+ state. These values were obtained by fitting an
bending energy levels of cyanofulminate. The energy levels and odd power series inJ(+ 1) to the calculated rotational transition
wave functions were calculated using an approximate, semirigid- frequencies. The effective rotational constBrfor the ground
bender HamiltoniaA? similar to that used to fit the experimental  vibrational state of the NCCNO main isotopomer is determined
datal! The four-dimensional Hamiltonian describes the NCCNO in this way to be 2308.5 and 2314.3 MHz for the potential
molecule bending at the CCN angle and rotating in space. energy functions | and Il, respectively. The predicted values
Interaction of the CCN bending motion with the other vibrational are in remarkably good agreement with the experimental value
degrees of freedom is accounted for by varying the correspond-of 2310.9983 MHZ! The predicted and observed changes in
ing structural parameters along the minimum-energy CCN the rotational constarB due to excitation of the; mode are
bending path. listed in Table 6. For the 18 excited states quoted, the root-

The calculated) = [l7] rotation—bending energy levels of = mean-square deviation is determined to be 0.6 and 1.1 MHz
the NCCNO molecule are listed in Table 6. The energy levels for the functions | and Il, respectively.
are labeled by the rotational quantum numBeand, as is As in the case of halofulminatésand carbon suboxideit
customary in the experimental studies on cyanofulminate, by is interesting to investigate the effect of electron correlation on
the vibrational quantum numbers; and l;. The quantum the shape of the CCN bending potential energy function for
numbers; andl; describe the doubly degenerate CCN bending cyanofulminate. The calculations were performed at various

Figure 1. Experimentally determinéd (solid line) and ab initio
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1000 spdfg level of theory. Remarkably good predictions of the
effective rotational constanB and of the CCN bending
vibrational dependence of that constant were obtained. In
conjunction with the very recent experimental study by Lichau
et al.}! the reported results of the ab initio calculations confirm
that the NCCNO molecule is linear at equilibrium, with the CCN

bending potential energy function being strongly anharmonic.
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