
This article may be downloaded for personal use only. Any other use requires prior permission of 

the author and AIP Publishing. This article appeared in Sun, W.; Sogeke, O. P.; Silva, W. G. D. 

P.; van Wijngaarden, J. J. Chem. Phys. 151, 194304 (2019) and may be found at https://doi-

org.uml.idm.oclc.org/10.1063/1.5129526 

 

 

Dispersion-driven conformational preference in the gas phase: Microwave 

spectroscopic and theoretical study of allyl isocyanate 

 

Wenhao Sun, Olamide P. Sogeke, Weslley G. D. P. Silva and Jennifer van Wijngaarden* 

 

Department of Chemistry, University of Manitoba, Winnipeg, Manitoba, R3T 2N2, Canada 

 

*Corresponding author 

Email: vanwijng@cc.umanitoba.ca 

Phone: (204)474-8379 

Fax: (204)474-7608 

 

 

 

 

 

 

 

https://doi-org.uml.idm.oclc.org/10.1063/1.5129526
https://doi-org.uml.idm.oclc.org/10.1063/1.5129526
mailto:vanwijng@cc.umanitoba.ca


1 

 

Abstract 

 The conformations of allyl isocyanate (CH2=CHCH2N=C=O) were explored in the gas 

phase by combining theoretical calculations and Fourier transform microwave spectroscopy, 

including the chirped pulse and Balle-Flygare types. Three conformers (I, II and III) were 

predicted using D3(BJ) dispersion-corrected B3LYP and MP2 methods, however, the lowest 

energy conformer (conf. I) was absent at the standard B3LYP level. The observed microwave 

spectra are consistent with the presence of both conf. I and III in the supersonic jet and 

surprisingly, this is the first report of the global minimum conf. I both experimentally and 

theoretically. Rotational transitions from the parent species of both conformers as well as their 

minor isotopologues (13C, 15N and 18O) in natural abundance were assigned allowing 

experimental geometries to be derived. For conf. I, in addition to the typical splitting pattern due 

to the 14N quadrupole nucleus, the transitions show a tunnelling splitting which arises from the 

interconversion motion between its two mirror images. The experimental observation of conf. I 

and the absence of conf. II in the jet are rationalized using quantum-chemical calculations to 

explore the importance of electron correlation and in particular, demonstrate the necessity of 

including dispersion effects in DFT calculations even for seemingly small molecules.  
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I. INTRODUCTION 

 As potential prebiotic species, small NCO-containing molecules, such as HNCO,1 

HOCN,2,3 CH3NCO,4 NCO radical and H2NCO+,5 have been detected in various interstellar 

molecular clouds and may prove to be key candidates for the formation of amino acids and 

peptides under astrophysical circumstances. For example, a recent para-hydrogen matrix-

isolation infrared experiment has suggested that the amide bond in formamide (H2NCH=O) 

could be formed from isocyanic acid (HN=C=O) through hydrogen addition reactions.6 A range 

of related R-NCO species, where R = H2C=CH,7 HC≡C,8 N≡C,9 C6H5,
10 etc. have been 

spectroscopically characterized and demonstrate the influence of R on the geometry of the 

isocyanato substituent and the molecular properties. For example, ethynyl isocyanate 

(HCCNCO) has a barrier of 537.2(54) cm-1 to linearity around nitrogen and consequently, its 

spectra are an interesting case study for modelling quantum monodromy.8 Allyl isocyanate 

(allyl-NCO, FIG. 1), the subject of this work, presents a new challenge in studying RNCO 

molecules, which is the added conformational complexity that arises due to presence of a 

methylene subunit in its backbone.  

 

 

FIG. 1. Chemical structure of allyl isocyanate. In this orientation, both δ (C1-C2-C3-N4) and θ 

(C2-C3-N4-C5) dihedral angles equal to 180°. 

 

 As reported previously, R1-CH2-R2 type molecules have different conformational 

preferences depending on the properties of the R1 and R2 functional groups as shown for 



3 

 

example for OH/SH, C≡N/N≡C, CH2=CH or C6H5, etc.11-16 The overall stability of conformers is 

largely attributed to effects such as steric hindrance,17,18 London dispersive interactions,19 and 

hydrogen bonding,20 and can be characterized using theoretical calculations and experimental 

techniques. Rotational spectroscopy is a powerful tool for the unambiguous recognition of 

conformers in the gas phase, as each geometry gives rise to a distinct rotational fingerprint. The 

supersonic jet expansion used in Fourier transform microwave spectroscopy provides a collision-

free environment where solvent interactions and crystal packing effects are absent, allowing the 

study of isolated species and clusters at the molecular level. An impressive example is the 

conformational survey of the citronellal monomer in which fifteen unique conformations were 

identified, the highest number of conformers of a species found by microwave spectroscopy, 

with guidance from theoretical predictions.21 At the same time, precise spectroscopic 

observations also help theoreticians examine the accuracy of modern theoretical approximations 

and this comparison ultimately drives improvement of quantum chemical methods. For instance, 

the microwave spectrum of zingerone undoubtedly proved that the B3LYP-D3(BJ) prediction of 

the global minimum geometry was superior to the results found from other widely-used 

computational methods, including B3LYP, MP2 and M06-2X, for treating this species.22  

 The conformational space of allyl-NCO provides another interesting case for testing 

theoretical models. According to ab initio MP2/6-31G(d)23 and various density functional theory 

(DFT) calculations,23,24 allyl-NCO was predicted to have two conformations, known as cis (δ = 

0° and θ = 180°) and gauche (δ = ~120°and θ = 0°), which were generally consistent with 

infrared and Raman spectroscopic measurements.25 The planar cis conformer was estimated to be 

more stable than the gauche one by ~1 kJ mol-1 and to have slightly larger dipole moment 

components.23,24  From a study of allyl-NCO using Stark-modulated microwave and millimeter-
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wave absorption spectroscopy, however, only the higher energetic gauche conformer was 

identified,24,26 which should not be the dominant feature in the spectrum. No explanation was 

provided regarding the absence of the cis conformer in the prior rotational spectroscopy studies. 

 Herein, we report a comprehensive investigation of the conformational space of allyl-

NCO in the gas phase with the joint use of high resolution Fourier transform microwave 

(FTMW) spectroscopy and quantum mechanical calculations which include ab initio and DFT 

methods. Besides the previously reported gauche conformer, our results unequivocally point to a 

new global minimum geometry, never before reported from theory or experiment, based on 

analysis of the rotational spectra and extensive quantum-chemical calculations. The cis 

conformation, which is predicted to be the second lowest energy conformer, is not metastable in 

the jet. Transitions corresponding to the heavy atom minor isotopologues (13C, 15N and 18O) of 

the two observed conformers were assigned and the resulting sets of rotational constants were 

used to derive experimental structures (rs and r0) of the backbone of each. We also performed 

benchmark calculations using more than 20 popular quantum chemistry methods to evaluate 

which ones properly describe the effects of intramolecular dispersion on the conformational 

equilibrium of allyl-NCO.  

 

II. EXPERIMENTAL SECTION 

 The broadband rotational spectrum of allyl-NCO was initially measured in the frequency 

range from 8 to 18 GHz using a chirped pulse (cp) Fourier transform microwave (FTMW) 

spectrometer which has been described in detail previously.27 A commercially available sample 

(98% purity) was purchased from Sigma-Aldrich Canada and used without further purification. 

To deliver the sample into the spectrometer, a gas mixture containing ~0.5% allyl-NCO in neon 
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buffer gas was prepared at room temperature and subsequently introduced into the high vacuum 

chamber through a pulsed nozzle (1mm diameter) resulting in a supersonic jet expansion at a 

stagnation pressure of ~1 atm. The survey spectrum was recorded in segments of 2 GHz and 

averaged with 1.5 million free induction decays (FIDs). Final measurements were performed 

using the Balle-Flygare FTMW spectrometer28 which provides better resolution and sensitivity. 

In this instrument, the uncertainty in the line positions is about ±2 kHz and the transitions have 

linewidths of typically ~7 kHz (FWHM). As the supersonic jet and the resonator axis are coaxial 

in the Balle-Flygare FTMW design, all rotational transitions acquired with this instrument are 

doublets due to the Doppler effect.   

 

III. COMPUTATIONAL SECTION 

 A systematic search of the conformational space of allyl-NCO was carried out by 

scanning the two-dimensional (2D) potential energy surfaces (PES) about the C1-C2-C3-N4 (δ) 

and C2-C3-N4-C5 (θ) torsional angles (FIG. 1) with a step size of 10º from -180° to 180°. The 

PES were generated using the popular density functional theory (DFT) B3LYP method,29-31 

along with its D3 dispersion corrected version with Becke-Johnson (BJ) damping [B3LYP-

D3(BJ)],32 and the ab initio MP2 method.33 For the preliminary calculations, Dunning’s cc-

pVTZ basis set was employed.34-36 During the scan calculations, the remaining geometric 

parameters were allowed to relax. According to the resulting PES as shown in FIG. 2, three 

energy minima (II, IIIa, IIIb) were found at the B3LYP/cc-pVTZ level of theory, while two 

additional minima (Ia and Ib) were predicted using the B3LYP-D3(BJ)/cc-pVTZ and MP2/cc-

pVTZ methods. Conf. Ia/Ib and IIIa/IIIb are two pairs of enantiomers and the energy ordering is 
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predicted to be I < II < III. Note that, conf. II and III roughly correspond to the cis and gauche 

conformers, respectively, reported from earlier calculations in the literature.23,24,26 

 

 

FIG. 2. Potential energy surfaces (in kJ mol-1) of allyl isocyanate by scanning the dihedral angles 

(δ and θ) at the (a) B3LYP, (b) B3LYP-D3(BJ), and (c) MP2 levels of theory with Dunning’s cc-

pVTZ basis set. Panel d shows the relaxation pathways for conf. I and II calculated using the 

three methods. The potential energy of conf. II is set at 0 kJ mol-1 for each curve for comparison 

purposes. 
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FIG. 3. Molecular structures of the five energy minima optimized at the B3LYP-D3(BJ)/cc-

pVQZ level of theory, including conf. Ia (δ = -0.4°, θ = 58.9°) / Ib (δ = 0.4°, θ = -58.9°), conf. II 

(δ = 0°, θ = 180°) and conf. IIIa (δ = 121.7°, θ = -37.2°) / IIIb (δ = -121.7°, θ = 37.2°). 

 

Next, the geometries corresponding to the five energy minima and four interconversion 

transition states were fully optimized at the B3LYP-D3(BJ)/cc-pVQZ level of theory, as 

presented in FIG. 3. The Cartesian coordinates of the five energy minima are provided in Table 

S1 – S3 (see Supplementary Material). Frequency calculations were performed to validate the 

nature of the stationary points and to compute the zero-point energies (ZPE) at the same level of 

theory. From these calculations, conf. II and conf. III are predicted to lie 0.62 kJ/mol and 1.45 

kJ/mol above conf. I. This corresponds to relative abundances of 43% (I), 33% (II) and 24% 

(III) at 298 K. All the calculations mentioned above were carried out using the Gaussian 16 suite 

of programs.37 In the meantime, intramolecular dispersive interactions between the isocyanato (-
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N=C=O)  and the vinyl (-HC=CH2) groups were explored by scanning the torsional angle θ in 

steps of 10° using the Gaussian-type B3LYP method implemented in the ORCA 4.1 program,38 

with cc-pVTZ basis set and D3(BJ) dispersion correction. In this scan, the dihedral angle δ was 

initially set at 0°, and during the calculations it was allowed to relax together with all other 

geometric parameters. The tight SCF convergence criteria and grid 4 integration scheme were 

applied in this calculation.  

 To examine the performance of different quantum-chemical methods in describing the 

intramolecular dispersion effects, we also explored the θ dependence using a range of theoretical 

methods. First, the basis set dependence of this potential energy profile was investigated. In this 

test, different types of basis sets including Pople’s,39 Dunning’s34-36 and the Karlsruhe40 ones 

were employed. The size varied from double- to quadrupole-zeta with and without the inclusion 

of diffuse functions. Additionally, results from different numerical grids, mainly grid 4 and grid 

6, were compared. No substantial variations were observed between triple and quadrupole-zeta 

basis sets in terms of the potential energy profile, as shown in FIG. S1 (see Supplementary 

Material). To balance the reliability of the results and the computational efforts, subsequent 

calculations were consistently performed using Dunning’s cc-pVTZ basis set with the grid 4 

scheme.  

 In the benchmark of quantum-chemical methods, over 20 methods, including both ab 

initio and DFT functionals, were tested. For ab initio methods, HF41 and the two popular MP233 

and CCSD(T)42,43 methods were chosen. Note that the CCSD(T) potential energy curve was 

obtained from single-point energy calculations computed using the MP2 geometries. The DFT 

approaches were selected according to the ‘Jacobs ladder’ classification44 which ranks the 

accuracy of the approximation for the exchange-correlation energy in these methods in the 
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following order: double-hybrid meta-GGA (Generalized Gradient Approximation) > meta-hybrid 

GGA ≈ hybrid GGA > meta-GGA ≈ GGA > LDA (Local Density Approximation). Of these 

tested functionals, B2PLYP,45 PWPB95,46 MP233,47 and SCS-MP248 calculations were carried 

out using the RI (Resolution of Identity)47 approximation which was combined with the cc-

pVTZ/C auxiliary basis set.  

 

 

 

IV. SPECTRAL ANALYSIS AND STRUCTURAL DETERMINATION  

 Based on previously reported assignments,24,26 the parent spectrum of conf. III was 

readily identified in the cp-FTMW spectrum (FIG. 4), whereas no transitions due to conf. II were 

seen, which is consistent with previous studies. The rotational transitions arising from conf. III 

were re-collected with resolved 14N hyperfine components using the Balle-Flygare FTMW 

instrument. In total, 83 components from 13 a-type, five b-type and one c-type rotational 

transitions, were measured as expected based on the predicted spectral intensities from the |µa| = 

2.77 D, |µb| = 0.72 D and |µc| = 0.16 D (B3LYP-D3(BJ)/cc-pVQZ) dipole moment components 

in the principal inertial axis frame. Following the measurement of the parent spectrum, 

transitions for all monosubstituted heavy isotopologues (13C, 15N and 18O) were collected in 

natural abundance, which allowed the experimental determination of the backbone geometry of 

conf. III. The measured rotational transitions, which are provided in Tables S4 – S10 (see 

Supplementary Material), were fitted for each species with Pickett’s SPFIT program,49 using 

Watson’s A-reduced Hamiltonian in the Ir representation.50 The obtained spectroscopic 

parameters are summarized in Table 1. 
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Table 1. Ground state rotational spectroscopic constants for the parent and 13C, 15N and 18O species of conf. III derived from Balle-

Flygare FTMW measurements 

  B3LYP-D3(BJ)a parent 13C1 13C2 13C3 15N4 13C5 18O6 

A/MHz 8249.36 8019.00(1) 7916.65(7) 7989.79(7) 7883.20(6)  7908.25(9) 8018.69(6) 7863(1) 

B/MHz 2035.67 2088.8404(2) 2042.6412(5) 2068.6614(6) 2083.9060(6) 2085.1427(4) 2071.0901(5) 2003.051(2) 

C/MHz 1733.39 1757.4094(1) 1720.4394(4) 1744.1910(4) 1747.4623(4) 1749.7226(3) 1744.8264(4) 1689.079(1)  

∆J/kHz 3.33   3.766(5)   3.665(6)    3.676(7)    3.694(7)    3.560(6)    3.686(6)    3.5(1) 

∆JK/kHz -41.24 -42.94(3)     -42.69(7)  -41.81(5)  -41.64(5)  -38.82(9)  -42.55(4)  -41.0(4) 

∆K/kHz 176.15 174.12(16) [174.12]b [174.12] [174.12] [174.12] [174.12] [174.12] 

δJ/kHz 0.98   1.086(3)   -1.046(7)    1.043(8)    1.080(8)    1.095(5)    1.052(7)    1.0(1) 

δK/kHz 1.65 [1.65]c  [1.65]  [1.65]  [1.65]  [1.65]  [1.65]  [1.65] 

3/2χaa/MHz 3.22   2.924(1)    2.865(4)    2.913(4)    2.940(1) \    2.921(1)    3.02(1) 

1/4(χbb-χcc)/MHz 0.23   0.2584(5)    0.269(1)    0.255(3)    0.2600(7)  \    0.2586(7)    0.244(7) 

#lines \ 80 32 35 36  10 40 15 

RMS/kHz \ 1.8 1.7 2.0  2.2 0.6 1.7 0.9 
a Using Dunning’s cc-pVQZ basis set. b Values are fixed to that of the parent species. c Values are fixed to that of the calculation. 
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FIG. 4. Portion of the cp-FTMW spectrum of allyl isocyanate (8 – 16 GHz) collected with 1.5 

million FIDs. The upper trace (in black) shows the experimental spectrum and two examples of 

the tunnelling splitting pattern with roughly resolved 14N nuclear splitting corresponding to the 

202-101 (a-type) and 211-101 (c-type) rotational transitions of conf. I. The intensity is not to scale. 

The lower traces are simulated spectra for conf. I (in blue) and III (in red). 

  

 Besides conf. III, the spectrum corresponding to conf. I, the newly predicted global 

minimum geometry, was identified for the first time in the broadband spectrum (FIG. 4). Based 

on the observed intensity of transitions, one can only assume that previous studies involved 

highly targeted spectral surveys for conf. III to have missed these features. From careful 

intensity measurements using the Balle-Flygare FTMW instrument, and accounting for 
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differences in dipole moments, we estimate the relative abundances of conf. I and III to be 65% 

and 35%, respectively although this comparison should be treated with caution as the analogous 

quantum number transitions are more than 1 GHz apart. Nonetheless, this result indicates that 

conf. I is very likely enriched by relaxation of conf. II to the lower energy form in the jet 

expansion. From our ZPE-corrected B3LYP-D3(BJ)/cc-pVQZ estimates, we would expect a 

conformer mixture of 76%:24% (I:III) if full relaxation occurs which is largely consistent with 

our observations when one considers the challenges of measuring accurate intensities by FTMW 

spectroscopy and describing the temperature of the sample in a molecular beam.  

In addition to the typical 14N hyperfine structure, each observed transition of conf. I 

appeared as a doublet which was attributed to tunnelling associated with a torsional motion of 

the N=C=O group around the θ dihedral angle that interconnects the two equivalent forms 

(enantiomers) Ia and Ib separated by a small barrier of roughly 1.2 or 2.2 kJ mol-1 at the MP2 or 

B3LYP-D3(BJ)/cc-pVQZ levels, respectively. According to the B3LYP-D3(BJ)/cc-pVQZ 

calculations, the three dipole moment components (|µa| = 2.69 D, |µb|= 1.06 D and |µc|= 0.49 D) 

of conf. I are sizeable enough for the experimental measurement of rotational transitions along 

each of the three (a, b, and c) axes. Observed a- and b-type transitions exhibit small tunnelling 

splittings of less than 10 MHz and occur within each tunnelling state according to the selection 

rules (0+ → 0+, 0- → 0-). In total, 194 lines from 15 a-type and 15 b-type rotational transitions 

were assigned for the upper and lower tunnelling states and in order to confirm the experimental 

assignments, closed frequency loop calculations were used (see FIG. 5). A closer inspection of 

the N=C=O torsion reveals that this tunnelling effect happens primarily along the c-axis and 

crosses the ab-plane during its motion. Thus, the c-type rotational transitions connect the two 

tunnelling states (0+ → 0-, 0- → 0+) and their splitting pattern is dependent on the energy 
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difference ∆E between 0+ and 0-. By carefully analyzing the broadband spectrum (8 – 18 GHz), 

three possible c-type transitions were tentatively assigned, and then re-examined using the Balle-

Flygare spectrometer. By including them in the loop calculations and in the least-squares fits, 

predictions for other c-type transitions were obtained and we were able to successfully acquire 

three other transitions in the frequency range of 4 – 8 GHz. This allowed us to determine the 

experimental ∆E= 1940.2966(4) MHz in the fit and construct the energy level diagram 

correlating the two tunnelling states as depicted in FIG. 5. It is important to note that the a-type 

and b-type transitions within each tunnelling state could not be fit independently and the 

detection of c-type transitions was critical to determine the Coriolis interaction constants Fac and 

Fbc that account for the perturbation and thus produce a satisfactory fit. Like for conf. III, we 

were also able to collect transitions, including eight a-type, six b-type and two c-type, arising 

from each of the four 13C and one 15N isotopic species in natural abundance. Several a-type 

transitions of the 18O species were also readily measured but could not be fit without also 

observing c-type transitions to connect the two tunnelling states. Due to a combination of factors 

including low natural abundance (0.20%) of 18O, the smaller dipole component along the c-axis 

(0.49 D) of conf. I as well as the 14N hyperfine and tunnelling splittings, these c-type transitions 

were not found.  The observed line lists, assignments and residuals for the least-squares fits for 

all other isotopologues are provided in Tables S11 – S16 (see Supplementary Material) and the 

fitted spectroscopic parameters are reported in Table 2. 
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FIG. 5. Energy level diagram showing the low J rotational energy levels of the two tunnelling 

states (0+ and 0-) of conf. I. of allyl isocyanate based on the observed a- (in brown), b- (in blue) 

and c-type (in orange) rotational transitions. 
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Table 2. Ground state spectroscopic constants for the parent and minor isotopic 13C and 15N species of conf. I derived from Balle-

Flygare FTMW measurements. 

  B3LYP-D3(BJ)a parent 13C1 13C2 13C3 15N4 13C5 

A+/MHz 7515.92b 7390.318(1)  7210.555(3) 7386.796(3) 7258.361(2) 7309.733(3) 7389.463(2)  

B+/MHz 2401.93 2443.1606(4) 2415.784(1) 2404.335(1) 2433.980(1) 2439.231(1) 2422.4357(9) 

C+/MHz 1886.42 1906.106(1)  1877.600(3) 1882.658(3) 1891.812(2) 1900.234(3) 1893.439(2)  

A-/MHz \ 7391.890(1)  7212.095(3) 7388.321(3) 7259.855(3)  7311.124(4) 7391.028(2)  

B-/MHz \ 2442.4837(4) 2415.109(1) 2403.685(1) 2433.3219(8) 2438.634(1) 2421.7665(7) 

C-/MHz \ 1905.993(1)  1877.485(3) 1882.549(3) 1891.707(2)  1900.141(3) 1893.326(2)  

∆J/kHz 5.97   6.259(4) 6.338(5) 6.027(5) 6.059(4) 6.240(4) 6.159(3) 

∆JK/kHz -37.25 -39.06(2)  -40.1(1) -38.5(1) -36.0(1) -40.2(1) -38.9(1) 

∆K/kHz 117.58 125.0(1)   [125.0]c [125.0] [125.0] [125.0] [125.0] 

δJ/kHz 2.25   2.345(2) 2.381(5) 2.247(5) 2.289(4) 2.370(4) 2.304(4) 

δK/kHz 17.67  18.0(1)   [18.0]c [18.0] [18.0] [18.0] [18.0] 

3/2χaa/MHz 3.17 2.9725(8) 2.896(1)  2.968(1)  3.008(1)  \ 2.970(1)  

¼(χbb-χcc)/MHz 0.17 0.1670(3) 0.1795(7) 0.1673(7) 0.1613(6) \ 0.1674(5) 

∆E/MHz \ 1940.2966(4) 1901.678(1) 1890.596(1) 1911.092(1) 1673.7388(9) 1929.7042(9) 

Fac/MHz \ 61.50(4) 59.6(1) 60.3(1) 59.8(1) 61.8(1) 61.0(1) 

Fbc/MHz \  -4.6399(9) -4.496(1) -4.539(1) -4.932(1) -4.5800(2) -4.556(1) 

#lines \ 222 90 89 87 30 89 

RMS/kHz \ 1.8 1.9 1.9 1.5 0.8 1.4 
a Using Dunning’s cc-pVQZ basis set. b Predicted rotational constants for the equilibrium geometry. c Values are fixed to that of the parent species.
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 With the measurement of the spectra of minor isotopic species, the heavy atom skeletons 

of both conf. I and III were determined using the complete set of the experimental rotational 

constants. For conf. I, the rotational constants obtained for the 0+ tunnelling state were used in 

the fits as these were assumed to arise from the lowest energy tunnelling state when determining 

∆E. Initially, the substitution geometries (rs) of both conformers were estimated from the 

Kraitchman equations51 using Kisiel’s KRA program.52,53 According to the coordinates of the 

heavy atoms obtained along with the associated Costain errors,52 which are provided in Tables 

S17 and S18 (see Supplementary Material), the derived structural parameters were evaluated 

using the EVAL program53 and are reported in Table 3 under the rs headings. Although we were 

able to obtain the spectroscopic parameters for the 18O isotopic species of conf. III, the C3-N4-

C5-O6 dihedral angle was not well determined in the fit, as the N4-C5-O6 angle is almost linear. 

Overall, owing to the fact that both conformers have low molecular symmetry and experience 

three large-amplitude low-lying vibrational motions (below or around 200 cm-1 estimated at the 

B3LYP/cc-pVQZ level of theory), the associated uncertainties of the rs parameters were fairly 

large (hundredths of an Ångstrom) as expected in such cases. 

 Ground state effective structures (r0) of conf. I and III were also derived using the least-

squares fitting algorithm54 implemented in Kisiel’s STRFIT program53 with the internal 

coordinates involving the hydrogen atoms fixed at the values from the B3LYP-D3(BJ)/cc-pVQZ 

calculations. In the fits, besides the challenge of determining the C3-N4-C5-O6 dihedral angle, the 

other two dihedral angles (C1-C2-C3-N4 and C2-C3-N4-C5) could not be varied together. 

Therefore, only one dihedral angle was fitted (C2-C3-N4-C5 for conf. I and C1-C2-C3-N4 for conf. 

III), while the others were fixed to the calculated values in order to establish a structure for 

comparison with the re and rs geometries. The ground state effective structures with their 
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associated uncertainties are shown in Table 3 under the r0 headings. Based on the derived r0 

geometries, the maximum discrepancies between the calculated and experimental rotational 

constants in each set are less than 0.004% (A), 0.014% (B) and 0.006% (C) for conf. I and 0.05% 

(A), 0.006% (B) and 0.006% (C) for conf. III, respectively, which lends support to the accuracy 

of this model.  

 

Table 3. Substitution (rs), ground state effective (r0) and equilibrium (re) geometries for conf. I 

and conf. III of allyl-NCO.  

  conf. I conf. III 

  rs r0
a re

b rs r0 re 

r(C2-C1) 1.337(9) 1.341(11) 1.323 1.324(7) 1.314(9) 1.324 

r(C3-C2) 1.507(7) 1.498(10) 1.502 1.511(9) 1.510(11) 1.499 

r(N4-C3) 1.445(6) 1.453(22) 1.438 1.419(4) 1.444(8) 1.451 

r(C5-N4) 1.185(15) 1.189(14) 1.197 1.213(30) 1.223(6) 1.200 

r(O6-C5) \ 1.171(13) 1.170 \ 1.167(4) 1.169 

∠(C3-C2-C1) 125.4(3) 125.8(3) 126.6 123.6(6) 123.7(4) 126.6 

∠(N4-C3-C2) 115.0(3) 115.1(5) 115.2 109.8(5) 111.5(4) 112.7 

∠(C5-N4-C3) 137.1(14) 137.5(4) 138.8 133.5(14) 133.6(5) 136.5 

∠(O6-C5-N4) \ [173.4]c 173.4 175.0(41) [173.6] 173.6 

τ(C1-C2-C3-N4) -/+0.9(16)d [-/+0.4] -/+0.4 +/-130.0(8) +/-126.2(6) +/-121.7 

τ(C2-C3-N4-C5) +/-58.5(21) +/-57.8(8) +/-58.9 -/+47.1(33) [-/+37.2] -/+37.2 

τ(C3-N4-C5-O6) \ [+/-179.9] +/-179.9 \ [+/-178.6] +/-178.6 
a
 Based on the B3LYP-D3(BJ)/cc-pVQZ geometry. b At the B3LYP-D3(BJ)/cc-pVQZ level of theory. c Values in 

square brackets were fixed during the fittings. d The +/- pair in front of the values of the dihedral angles corresponds 

to the enantiomer pairs (a/b) for each conformer. 

 

V. Discussion 

 Although the rotational spectrum of the allyl-NCO parent molecule was previously 

reported, the global minimum geometry (conf. I) was identified experimentally and theoretically 

for the first time in the present work.  The surprising result that the prior study observed only the 

third lowest energy arrangement (conf. III)24,26 highlights the extreme benefits of the modern cp- 
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FTMW method that allows researchers to record spectra over a broad bandwidth relatively 

quickly. Initially puzzled as to what was giving rise to the strong features in FIG. 4, we explored 

the PES of allyl-NCO in greater detail using different levels of theory in order to rationalize the 

presence of this new conformer and to better understand the absence of conf. II. Our 

computational results show that the previously reported HF, DFT and MP2 calculations with 

small basis sets failed to accurately capture conf. I as a minimum on the PES of allyl-NCO. By 

applying D3(BJ) dispersion corrections to standard B3LYP calculations, conf. I was located on 

the PES as shown in FIG. 2b, and the predicted rotational constants agree well with the 

experimental values fitted for the initially unknown species (Table 2).  

 Based on the above, intramolecular dispersion interactions between the -N=C=O and 

H2C=CH- moieties, mainly the π···π attraction, must play a pivotal role in the relative 

conformational stability of conf. I and drive the relaxation from higher energy conf. II to conf. I. 

To investigate the contribution of dispersion interactions, we decomposed the total electronic 

energies calculated at the B3LYP-D3(BJ) level at each point in the scan into its standard B3LYP 

and its D3(BJ) components using the ORCA 4.1 software and these are plotted in FIG. 6. The 

distance between C2 and C5 is used as a marker to track the distance between the -N=C=O and -

CH=CH- fragments in this process. As the C2-C5 distance decreases when θ varies from 180° to 

0°, the dispersion effect is more favourable and lowers the overall energy. The inclusion of 

dispersion corrections leads to the shallow potential well around conf. II and to the presence of 

the new global minimum conf. I. When θ gets closer to 0°, the destabilization from steric 

hindrance is not fully compensated by the dispersion effects, which results in a small barrier (~1 

kJ mol-1) between Ia and Ib and leads to a tunnelling motion in the spectrum.  
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 FIG. 6. The resulting B3LYP-D3(BJ)/cc-pVTZ potential energy curve with the separated 

B3LYP and D3(BJ) energies by scanning the dihedral angle θ in steps of 10° while δ is ~ 0°. The 

energies of conf. II are set at 0 kJ mol-1 to display these on the same relative scale and the 

absolute D3(BJ) dispersion energy of conf. II is -35.83 kJ mol-1. The red curve is the distance 

between C2 and C5 along the scan coordinates. 

 

 To better understand the relationships between the five local minima and the four 

interconversion transition state geometries that connect them, the latter were optimized at the 

B3LYP-D3(BJ)/cc-pVQZ level of theory. Harmonic frequency calculations were also carried out 

and each transition state geometry was verified by the presence of one imaginary frequency. The 

obtained energies are relative to the global minimum which is set to zero to demonstrate the 

interconversion pathways from conf. I to II (Route 1) and III (Route 2), as plotted in FIG. 7. 

Zero-point energy (ZPE) corrections on the electronic energies were included for closer 

comparison with the experimental results. On the ZPE corrected Route 1, conf. II is confirmed to 
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be a real minimum geometry with a very low relaxation barrier of 0.13 kJ mol-1 to conf. I. This 

facile interconversion route explains the absence of transitions due to conf. II in our spectra as it 

is well established empirically that barriers greater than 4.8 kJ mol-1 (400 cm-1) are needed for a 

conformer to be metastable in the jet.55 On the ZPE corrected Route 2, the interconversion 

barriers from conf. III to I and between IIIa and IIIb are 8.76 kJ mol-1 and 7.86 kJ mol-1, 

respectively. This energy route suggests that conf. III is metastable and the high barrier quenches 

tunnelling. Both energy routes are consistent with our experimental observations.  
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FIG. 7. Relaxation pathways from I→II (Route 1) and I→III (Route 2) obtained at the B3LYP-D3(BJ)/cc-pVQZ level of theory with 

(in blue) and without (in red) zero-point energy correction. The relative energy of conf. I is set at 0 kJ mol-1
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 Based on FIG. 6, it is evident that Route 1 is particularly sensitive to the weak dispersive 

interactions that govern the PES along the trough containing conf. I and II. The subtle energy 

changes involved in the dispersion interactions establish an interesting challenge for modern 

computational methods, which makes allyl-NCO a perfect candidate to benchmark the 

performance of quantum-chemical theories. To this end, more than 20 popular ab initio and DFT 

methods were examined as described in the computational section, with a goal of establishing 

whether various approaches could locate conf. I in the PES and reasonably capture the necessary 

qualitative features along Route 1 to match our experimental observations. Representative results 

from different classes of functionals are reported in FIG. 8. A dashed line is plotted in each panel 

that represents the difference between the non-ZPE and the ZPE corrected energies of conf. II 

from FIG. 7 when the energies are compared relative to those of conf. I which were set to zero in 

the plot. This value essentially represents the amount by which the ZPE of conf. II is smaller 

than that of conf. I.  With this as a guideline in FIG. 8, we assert that when the predicted relative 

energy for conf. I appears below this level, it is likely to have a smaller energy than conf. II after 

the ZPE correction and, therefore, should match the microwave spectroscopic result that conf. I 

is the lowest energy geometry of allyl-NCO. This is an approximation as the ZPE energy varies 

with different methods and basis sets and this dashed line is set using the results derived from 

B3LYP-D3(BJ)/cc-pVQZ calculations in FIG. 7. Thus, when the energy of conf. I is located very 

close to the ZPE reference line, the energy should be compared with caution. Consistent 

optimization and frequency calculations at the same level of theory should be performed to make 

a reliable comparison in this case.  
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FIG. 8. Benchmarking results from different types of computational methods: (a). ab initio, (b). 

GGA, meta-GGA, hybrid-GGA DFT functionals, (c). hybrid meta-GGA DFT functionals and 

(d). double hybrid meta-GGA DFT functionals. The dashed line reflects the relative ZPE 

correction value (at the B3LYP-D3(BJ)/cc-pVQZ level) of conf. II with respect to conf. I. The 

energy of conf. II is set at 0 kJ mol-1 to make a clear comparison.  

  

 In FIG. 8a, results from ab initio calculations, including HF,41 MP233 and CCSD(T),42 are 

compared. As the HF method does not account for electron correlation, it is not surprising that 

this method fails to identify conf. I. With the inclusion of the D3(BJ) dispersion correction, 

which describes medium- (atomic distances in between 2 – 4 Å) and long-range (atomic 
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distances > 4 Å) correlation effects,56 the strongly repulsive regions of the HF curve are 

significantly counterbalanced and a pair of minima corresponding to conf. I are found. However, 

at θ = 180°, conf. II is not a local energy minimum, which indicates that the balance between 

steric hindrance and dispersion attraction is not properly treated at this level. As post-HF 

methods have specifically been developed to approximate electron correlation at all ranges,57 it is 

not surprising that both MP2 and CCSD(T) methods successfully located conf. I. The popular 

spin-component-scaled MP2 (SCS-MP2) which is designed for improving the accuracy of the 

standard MP2 correlation energies by separately scaling the parallel and anti-parallel spin 

components48 is also included in this comparison. Although it mimics the MP2 profile, the 

predicted energy of conf. I is slightly above the ZPE reference line (0.16 kJ mol-1 higher), which 

makes it hard to draw a reliable conclusion from the plot alone as this level was set using the 

ZPE energy at the B3LYP-D3(BJ)/cc-pVQZ level of theory. Thus, geometry optimization and 

frequency calculations were performed at the SCS-MP2/cc-pVTZ level of theory and established 

that conf. II is predicted to be more stable than I by 0.39 kJ mol-1 after the ZPE correction, which 

is not consistent with the observed spectra. 

 Although coupled cluster (CC) theory is considered one of the most accurate approaches 

when MP2 fails to provide satisfactory results,22,58 the high computational cost limits its practical 

applications to smaller molecular systems. As alternatives to the CCSD(T) method, many DFT 

functionals which require lower computational demands may be used and the development of 

functionals that achieve comparable quality results to CCSD(T) calculations are of great interest. 

As a small molecule, allyl-NCO is a good candidate to evaluate the performance of different 

DFT approaches using the CCSD(T) results as a reference and, thus, may provide theoreticians 

valuable insights for the improvement of density functionals. In this benchmark, the performance 
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of the GGA BLYP,59 the meta-GGA TPSS,60 the hybrid-GGA B3LYP,29-31 CAM-B3LYP,61 

BHandHLYP,62 and the hybrid meta-GGAs M06,63 M06-2X,63 PW6B95,64 and the double-

hybrid meta-GGAs B2PLYP,45 PWPB9546 functionals are reported in FIG. 8b – 8d. As the first  

five methods do not include proper descriptions of the medium- and long-range correlation 

effects, their energy profiles are too repulsive as expected and the degree of the overestimation is 

smaller than in the HF case as expected. Although the CAM-B3LYP functional includes 

exchange corrections in the long-range region,65 the result is not substantially improved. TPSS 

behaves better than the other four functionals in FIG. 8b to some extent because it locates conf. I 

as a local minimum although the balance between repulsion and attraction forces is still not 

handled well. With the inclusion of D3(BJ) dispersion corrections, all five methods are corrected 

to the right trend and the TPSS-D3(BJ) results are similar to that obtained at the B3LYP-D3(BJ) 

level of theory when comparing the relative energy between the two conformers. Surprisingly, 

the D3(BJ) corrected CAM-B3LYP method performs worse when considering the ZPE 

correction. We also tested the effects of the dispersion corrections in the zero-damping scheme 

(D3(0))66for B3LYP. As the D3(0) term accounts for less medium-range correlation interactions 

and most of the non-covalent correlations in allyl-NCO are in the medium-range, its performance 

is slightly worse than D3(BJ), which agrees with findings in previous benchmark studies.56 

 In addition to external dispersion corrections, hybrid meta-GGA and double-hybrid 

approaches are developed to inherently improve the description of electron correlation for the 

DFT methods. In FIG. 8c, both M06 and M06-2X Minnesota functionals find the correct 

conformers while the energy from M06-2X is more reasonable, as the minimum energy due to 

conf. I is below the ZPE reference. The D3(0) dispersion correction has little influence on the 

potential energy curves, especially on M06-2X, as presumably some medium-range correlation 
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effects have been captured by the original empirical parameterization of this functional.63,67 

Although PW6B95 is also empirically parameterized to account for medium-range correlation 

effects, the potential energy profile in FIG. 8c shows that it does not perform as well as M06-2X 

for allyl-NCO and shows a greater repulsive result, when considering the ZPE reference line 

even after the D3(BJ) correction is included. In FIG. 8d, the performance of the two double-

hybrid DFT functionals, B2PLYP and PWPB95, was examined. These two methods have been 

highly recommended based on their excellent performance in many theoretical studies such as 

Grimme’s GMTKN3068 and ROT2556 benchmarks. According to the obtained potential curves, 

these methods do not perform as well as M06-2X in this benchmark study. By including D3(BJ) 

corrections, the energies of the minima corresponding to conf. I are lowered as expected, and the 

curve obtained using B2PLYP is close to the one obtained using the CCSD(T) method. The 

advantage of the B2LYP calculations is that its computational cost is comparable to that of MP2 

calculations.  

 Overall, by monitoring the potential energy dependence of the dihedral angle θ in allyl-

NCO, the performance of typical ab initio and DFT methods were investigated herein. Besides 

the MP2 and CCSD(T) methods which intrinsically include correlation effects at all ranges, the 

D3(BJ) or D3(0) dispersion corrected DFT functionals were shown to yield a satisfactory 

performance when describing the shallow conformational landscape between conf. I and II 

except for the hybrid meta-GGAs (M06 and PW6B95). Of them, B2PLYP showed performance 

comparable to CCSD(T), while the popular SCS-MP2 and PW6B95 methods did not perform 

satisfactorily as anticipated based on the literature.56,68 The findings in this work should prove 

useful in helping theoreticians optimize the empirical parameters in these functionals and 

improve the accuracy of their correlation approximations. At the end, it is also interesting to 
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mention that the performance of the semi-empirical quantum mechanical GFN-xTB 2.6 routine69-

71 was also examined. This scheme successfully found the initial geometries of conf. I and III 

but missed conf. II, which was later verified using ab initio and DFT-D3(BJ) optimization 

calculations.      

    

VI. CONCLUSIONS 

 A careful search for the conformations of allyl-NCO in the gas phase was carried out 

using FTMW spectroscopy and theoretical calculations. In addition to observing transitions for 

the least stable conf. III, the global minimum geometry (conf. I) was theoretically predicted and 

its transitions were unambiguously detected via microwave experiments for the first time. 

Besides the parent species of conf. I and III, the rotational spectra due to their minor 

isotopologues (13C, 15N and 18O) were analyzed, which allowed the determination of their 

experimental geometries (rs and r0) and confirmed the assignments of the two conformations. As 

a small molecule which contains six first-row atoms, the study of allyl-NCO revealed a 

surprisingly complex PES. This showcased the subtle balance of effects that stabilize the three 

conformers and control the pathways for interconversion and tunnelling. The unexpected 

presence of conf. I and the absence of conformer II are consistent with the derived PES. 

Moreover, the dispersion-driven conformational preference as described by the energy profile 

connecting conf. I and II made allyl-NCO an excellent candidate to examine the performance of 

ab initio and DFT approaches in treating electron correlation. Using CCSD(T) as a reference 

method, B2PLYP-D3(BJ) and MP2 calculations yielded the most satisfying results. The failure 

of the dispersion uncorrected DFT functionals to locate the lowest energy conformer of this 
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small molecule should call chemists’ attention to the importance of the inclusion of such 

corrections when performing seemingly routine DFT calculations.  

 

SUPPLEMENTARY MATERIAL 

Appendix I: Equilibrium structures for the three conformers of allyl-NCO (I, II and III) at the 

B3LYP-D3(BJ)/cc-pVQZ level of theory. 

Appendix II: Basis set benchmark using the B3LYP-D3(BJ) method. 

Appendix III: Measured line lists for conf. I and conf. III including their parent and minor 

isotopologues (13C, 15N and 18O).  

Appendix IV: Kraitchman coordinates for conf. I and conf. III. 
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