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Abstract

The pure rotational spectra of phenyl isocyanate (PhNCO) and phenyl isothiocyanate
(PhNCS) were investigated using Fourier transform microwave (FTMW) spectroscopy in the
range from 4 to 26 GHz. For each molecule, rotational transitions due to the parent species and
nine minor isotopologues including seven *C, one >N and one '30/**S have been observed in
natural abundance. The rm'" geometries were derived from the resulting sets of rotational
constants and are consistent with the equilibrium structures (r.) from ab initio calculations
performed at the MP2/aug-cc-pVTZ level. NBO and Townes-Dailey analyses were conducted to
better understand the electronic structure and geometry of each compound. In the case of PhNCS,
the nitrogen atom displays more sp-like character resulting in shorter C-N bonds and a larger

CNC angle relative to those of PANCO.



Introduction

Organic isocyanates (RN=C=0) and isothiocyanates (RN=C=S) are common
intermediates in the formation of natural products due to the electrophilic carbon atom arising
from resonance contributions such as RN—C'=0" and RN=C"—O-. Through reactions with
alcohols and amines, for example, isocyanates are converted into carbamates (R(NH)C(=0O)OR”)
and urea derivatives (R(NH)C(=O)(NH)R’) yielding a diverse range of biologically relevant
compounds. Even the simplest versions are the subject of deep scientific interest. Species such as
HNCO,! HNCS? and CH3NCO? are known constituents of molecular clouds where their presence
and relative abundance in various sources provide important clues for modelling the chemistry of
the interstellar medium. For example, the recent detection of the NCO radical, a building block
for peptide bond formation, toward the dense cloud L483 may prove significant in understanding
the evolution of amino acids in space.*

In the laboratory, a number of small molecules of type RNCO and RNCS have been
studied using rotational spectroscopy including those, for example, where R= H,>¢ CH3,” HCC??®
NC!"! and H,C,!'*!* In addition to providing fingerprints for astronomical detection, the
laboratory spectra provide key information about their molecular geometries and barriers to
internal motions which allow exploration of subtle differences in the electronic environments.

From the experimental geometries, the NCS containing species have larger valence bond angles



at nitrogen than their oxygen analogs suggesting that the terminal chalcogen atom affects the
electronic structure at nitrogen. The largest difference is seen for the ethynyl substituent as the
CNC angle increases by 40° from HCCNCO (140°)?3 to HCCNCS (180°).° Curiously, when
substituted with the isoelectronic cyano fragment instead, the angle at nitrogen is smaller by ~10%
for NCNCO (129°)!° but by twice that amount for NCNCS (143°) showing that the electronic
properties of the R group are also key and not necessarily scale-able.!!

The extension of these studies to larger organic groups is of interest to explore the nature
of their interactions with the NCS and NCO fragments. The phenyl substituted versions are
excellent prototypes as the molecules are planar with only one stable conformer. The ground

)14,15 and

state microwave spectrum of the normal isotopologues of phenyl isocyanate (PhNCO
phenyl isothiocyanate (PhNCS)!'%!6 have been previously reported including investigation of the
"N nuclear quadrupole hyperfine structure.!” These studies have confirmed that the molecules
are planar with Cs symmetry in contrast to infrared spectra which were interpreted based on the
assumption of Cay symmetry.'® Additional transitions due to excited vibrational states were also
assigned and in the case of PhNCO, largely attributed to the out-of-plane torsion of the NCO
group about the C-N bond.!> Previous theoretical investigations using density functional theory
have predicted low barriers for this torsion with that of PANCS (2.7 kJ/mol from DFT B3LYP/6-
311++G(d,p))!° being about half that of PhNCO (5.4 kJ/mol from DFT B3LYP/6-311G(d,p)).?’
While this seems to point to a significant difference in the electronic character of the Ph-N bond,
the calculated vibrational frequencies for this torsion are surprisingly similar, 58 cm™! (PhNCS)"
and 59 cm™! (PhNCO),?° but have not been observed to date experimentally.

In order to better understand the effect of the terminal chalcogen atom on the bonding

and structure of these compounds, we report herein the first microwave spectroscopic study of



the nine minor isotopologues of PANCO and PhNCS including heavy atom substitution at each
carbon, nitrogen, oxygen and sulfur. Rotational spectra were recorded using both chirped pulse?!
(cp) and Balle-Flygare?? Fourier transform microwave (FTMW) instruments and the spectra of
both parent species were re-investigated to include b-type rotational transitions which were not
previously observed due to their low intensities. Their observation in this work has allowed more
precise determination of the A rotational constants and thus, enabled accurate experimental
structures to be derived for the first time. Analysis of the ten sets of rotational constants of each
compound were used to derive the mass dependence structures (rm") which are found to be
consistent with the equilibrium structures (rc) derived at the MP2/aug-cc-pVTZ level of theory.
The barrier to both out-of-plane torsion and in-plane bending motions involving the NCX
fragment were calculated and subtle differences in the electronic structure were explored using

natural bond orbital (NBO) calculations and Townes-Dailey analysis.

Experimental
Commercial samples of PhNCO and PhNCS (both 98.0% purchased from Sigma-Aldrich

Canada) were used without further purification. As both samples are liquids at room temperature
(mp: -30 °C for PANCO and -21 °C for PhNCS) with relatively high boiling points (bp: 162-163
°C for PANCO and 218 °C for PhNCS), they were placed into glass bubblers separately through
which a carrier gas (neon at ~1 bar) was used to deliver the samples into the spectrometers. The
sample mixtures were expanded into the high vacuum chambers of the spectrometers via a
supersonic jet expansion using a pulsed nozzle. The rotational spectra of the compounds were
recorded using both chirped pulse and cavity-based FTMW instruments, which have been

described in detail elsewhere.??* Analysis of the broadband c¢p-FTMW spectra, acquired in



segments of 2 GHz in the frequency range from 8 to 18 GHz, allowed the assignment of the most
intense rotational transitions for both PhANCO and PhNCS corresponding to the parent species
and their minor isotopologues (1*C, >N, 80 and **S). A 140 MHz portion of the broadband
spectrum of PhNCO is provided in Figure 1 as an example. Next, aiming to achieve higher
resolution and sensitivity, and in order to analyze the hyperfine structure due to the presence of
the N nuclei in the compounds, individual rotational transitions were measured in the range of
4-26 GHz using the cavity-based FTMW spectrometer. A sample spectrum of the 616-515
rotational transition of PANCO is shown in Figure 2. The observed transitions in the cavity-based
spectra are split into two due to the Doppler effect and typically have line widths of ~7 kHz. The

uncertainty in the line positions is about +1 kHz.

Figure 1. 140 MHz portion of the cp-FTMW spectrum collected with 1.5 million FIDs showing
the relative intensity of the rotational transition 6¢¢-50s for the parent PANCO species, six '3C and

one N minor isotopologues.
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Figure 2. Sample of FTMW spectrum (800 cycles) of the 616-515 rotational transitions of PANCO

showing the N hyperfine structure.
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Computational

The geometries of the compounds were optimized using the MP2, B3LYP and B3LYP-
D3BJ methods combined with the aug-cc-pVTZ basis set in the Gaussian 16 Revision B.01
program.?’ Frequency calculations were done at these levels of theory to verify that the resulting
geometries corresponded to energy minima and to estimate the low frequency modes. From the
optimized structures, the rotational constants, electric dipole moments and YN quadrupole
coupling constants were extracted to assist with the interpretation of the experimental rotational

spectra. The resulting equilibrium structures are shown in their principal axis systems in Figure 3



and the Cartesian coordinates are given in the supplementary information for all three levels of
theory employed.

Although PhNCO and PhNCS are known to be planar with Cs symmetry, the previous
infrared work based on C,y symmetry along with the recent observation of linear HCCNCS,’
HCCCCNCS?* and NCCCNCS?® inspired us to look more closely at the energy profile
corresponding to the lowest energy in-plane and out-of-plane modes that correspond to bending
of the 2CINC7 angle and torsion about the CI-N bond. These motions interconvert the
compounds between two equivalent planar forms. To better understand the energy barrier
associated with these re-arrangements, potential energy scans were performed at each level of
theory. In the first scan, ZCINC7 was varied from 120° to 180° in steps of 3° whereas in the
second one, the dihedral angle C2-C1-N-C7 was rotated from 0° to 90° in steps of 10°. During
the scan calculations, all other geometrical parameters were relaxed. When the dihedral angle
was set to 90° in PhNCS, the valence angle ZC1NC7 increased to move the NCS group into the
plane of the ring resulting in the same energy as reported at 180° for ZCINC?7 in the first scan.
The resulting potential energy plots are shown in Figure 4.

Finally, we also performed natural bond orbital (NBO) analysis on the geometry that was
optimized at the MP2/aug-cc-pVTZ level to gain greater insight into differences in the electronic
structure of PhNCO and PhNCS and how these influence their geometries. The NBO
calculations were carried out using the NBO 6.0 routine?’ at the B3LYP/aug-cc-pVTZ level. The

output is included in the supplementary information.



Figure 3. Equilibrium geometries of PANCO and PhINCS in the principal axis system obtained at

the MP2/aug-cc-pVTZ level of theory.
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Figure 4. Potential energy curves for C2-C1-N-C7 dihedral angle and ZC1NC7 for PANCO and

PhNCS.
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Spectral analysis

The theoretical calculations predict PANCO to have sizeable electric dipole moment
components of |u. = 2.77 D and |us| = 0.28 D (MP2/aug-cc-pVTZ) which are consistent with
previous experimental results from Stark measurements |u,| = 2.50 + 0.02 D and |us| < 0.2 D.'°
Based on this, the rotational spectrum of this species is dominated by a-type rotational
transitions. Indeed, a total of 244 rotational transitions including 208 a-type and 36 b-type,
ranging from J’ = 3-11 were observed for the parent of PANCO. The intensities were sufficient to
proceed with the identification of 30 a-type rotational transitions corresponding to the N
isotopologue, 41 transitions due to the '*0 isotopologue, and more than 60 transitions for each of
the six 13C isotopologues. For the *C1 isotopologue, as the position of C1 is close to the center
of mass, most of the rotational transitions are overshadowed by the analogous transition of the
parent species and thus, only 18 lines were measured. A full list of the observed transitions is
provided as supplementary material.

PhNCS is predicted to have dipole moment components of |ua| = 3.15 D and |up| = 0.29 D
(MP2/aug-cc-pVTZ) which indicates that the rotational spectrum of this species is also
dominated by a-type rotational transitions. In total, 214 rotational transitions, including 189
a-type and 25 b-type, ranging from J° = 2-15 were measured for the parent species. The
intensities of the observed transitions were sufficient to proceed with the identification of 65 a-
type rotational transitions corresponding to the 3*S isotopologue, 20 due to the '°N isotopologue,
and more than 27 for each of the seven '3C isotopologues. A list of the observed lines for PhANCS
is also provided as supplementary material.

The rotational, centrifugal distortion, and '*N nuclear quadrupole coupling constants were
determined for each species by fitting the observed rotational transitions using Pickett’s SPFIT
program?® set to Watson’s A-reduced Hamiltonian.?’ The results for PANCO and PhNCS are

11



shown in Tables 1 and 2, respectively. As fewer lines were observed for the minor isotopologues,
their centrifugal distortion constants were fixed at the parent value in cases where a specific
parameter was not well-determined after running a preliminary fit of the data. For those
constants that were not fixed, for example Ay for all species, the values obtained from the fits are
similar to those of the parent. This confirms the validity of the common assumption that

centrifugal distortion is not significantly different upon isotopic substitution in these systems.

Structural determination

Based on ab initio calculations, both PANCO and PhNCS have planar equilibrium
structures with Cs molecular symmetry. In principle, with 10 isotopologues observed for each,
the experimental rotational constants can be used to derive substitution structures (rs) through a
Kraitchmann analysis.’® In practice, as the a-axis passes close to C1 and C7 in both molecules,
the positions of these atoms are not well-determined by this method and instead, mass
dependence structures (rm(") as described by Watson®! were derived as shown for other benzene
derivatives.’>3 The 30 rotational constants from the set of 10 isotopologues were used in
Kisiel’s STRFIT** least squares fitting routine to estimate key geometric parameters for the
heavy atoms while internal parameters involving the H atoms were held fixed at the values
obtained from MP2/aug-cc-pVTZ calculations. To preserve the orientation of the H atoms
relative to the ring, the difference of the external angles (for example ZHC2C1 - ZHC2C3) of
each H were also held at the ab initio values following the example of substituted benzonitriles.>
The Laurie parameter o was fixed at 0.01A for each CH bond and ¢, = c» = cc was assumed as
done previously for benzaldehyde.?® A summary of the results is provided in Table 3 under the

(D heading along with the ab initio values for the equilibrium structure (rc) for comparison.
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Discussion

The spectroscopic parameters for PANCO and PhNCS are well-determined and are
compared with the calculated values at the MP2/aug-cc-pVTZ and B3LYP-D3BJ/aug-cc-pVTZ
levels of theory in Table 4. For the rotational and YN quadrupole coupling constants, both
methods provide reasonable agreement to the experimental values but the MP2 derived
parameters yield a closer match for the rotational constants and .. The experimental values of
b and xcc seemingly align better with the B3LYP-D3BJ estimates but one should make this
comparison with caution as the actual fit parameter (0.25()pb—)cc)) Was a small number. To test
the influence of this small parameter on the spectral pattern, we simulated the nuclear quadrupole
hyperfine structure based on each set of coupling constants to verify that the resulting patterns
were comparable. An additional check comes from comparing the experimental values
determined in this work with those of the previous study of Kasten and Dreizler!” as shown
below Tables 1 and 2. Owing to the observation of many new transitions (including b-type
transitions for the first time), higher resolution, and consistency across all 10 isotopologues for
each compound, we are confident in our assignments.

The centrifugal distortion constants of PANCO and PhNCS have also been determined at
both the MP2/aug-cc-pVTZ and B3LYP-D3BJ/aug-cc-pVTZ levels of theory and are
summarized in Table 4. Although harmonic frequency calculations provide very reliable
estimates of these parameters for similarly sized ring molecules such as anisole and
benzaldehyde using both MP2 and DFT methods (6-31G(d,p)),*? the results for PhANCO and
PhNCS in this work show larger discrepancies between experiment and theory with Ajk differing
by more than an order of magnitude from the experimental values. Parameters derived from

anharmonic frequency calculations, also included in Table 4, performed significantly better as
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one might expect for a molecule with low frequency vibrations. For comparison, a recent study
by Alonso et al®® on o-aminoisobutyric acid revealed even larger deviations between
experimental centrifugal distortion constants and those calculated at the MP2/6-311++G(d,p)
level (harmonic) for one conformer. They attributed this to the low barrier (85 ¢cm™) for the Cq-
COOH torsional motion which interconverts between two equivalent forms and they successfully
modelled the effect using a quartic potential to explain their anomalously large centrifugal
distortion constants. In the current study, the analogous torsional barriers are much higher as
shown in Figure 4 (520 cm™! for PANCO and 309 cm! for PhNCS) and as such, the quantum
chemical values in Table 4 provide reasonable estimates.

The inertial defects (Ao) derived from the experimental rotational constants for the parent
species (-0.132 amu-A? for PANCO and 0.101 amu-A? for PhNCS) are small as expected for
planar molecules but non-zero due to contributions from low frequency vibrations. For PANCO,
the negative value suggests that these motions are largely out-of-plane which is consistent with
frequency calculations showing that the torsion about C1-N to twist the NCO group out-of-plane
falls at 57 cm! (MP2/aug-cc-pVTZ). The next most energetic mode corresponds to ZCINC7
bending (91 cm™) and is considerably higher in energy. For PhNCS, in contrast, these two modes
are similar in energy (54 cm! and 58 c¢cm!, respectively) and the in-plane motion must play a
larger role due to the positive value of the inertial defect. The increased energy for the in-plane
bending motion of PANCO compared with the out-of-plane torsion appears consistent with the
trend observed in the potential energy curves in Figure 4. For the in-plane re-arrangement, the
barrier to linearity at nitrogen is 11.2 kJ/mol while the barrier for the out-of-plane torsion of the
NCO group is considerably lower at 6.2 kJ/mol. For PANCS, the barrier to interconvert between

the equivalent planar structures is lower (3.7 kJ/mol) and actually passes through the same Ca,
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geometry for both pathways (even when the C2-C1-N-C7 dihedral angle is set to 90°) when the
other geometric parameters are relaxed in the 1D scans. These differences suggest that the
terminal chalcogen atom has an important influence on the electronic structure around C1-N.

Using the rotational constants from all 10 isotopologues of PhANCO and PhNCS, the
experimental geometries (rm’) of the heavy atoms have been precisely determined. This
assertion is based upon comparison of the 30 experimentally determined rotational constants
from each isotopologue of PANCO and PhNCS with those derived based on the ! geometry
determined in the fit. The maximum discrepancy between the observed and calculated rotational
constants is less than 0.015% for A and an order of magnitude lower for B and C in each set. The
geometric parameters are summarized along with the equilibrium (re) structural parameters from
MP2/aug-cc-pVTZ calculations in Table 3 and from comparison, it is clear that the same trends
are captured in both sets of results. The parameters that govern the phenyl ring geometry show
no discernable change when oxygen is replaced by sulfur which suggests that the identity of the
terminal atom does not change the nature of bonding in the ring itself through delocalization via
the m-electrons for example. This is supported by the NBO results which show that the natural
charges for C1 through C6 are similar in both compounds and that there are no clearly different
perturbative interactions that preferentially add or remove electron density from the ring. This is
also consistent with the observation of low torsional barriers reported for these and related
compounds such as the ketene and azide substituted benzenes.?’

The terminal atom, however, has a greater effect on the geometry at nitrogen. With
recognition that the experimental uncertainties make it difficult to declare that small changes in
parameters are meaningful, the trends for both the ! and r. structures reveal that the largest

changes in bond lengths are those involving nitrogen (NC1, C7N). These shorten by ~0.01 A in
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PhNCS compared with PhNCO. This shortening is accompanied by an increase in the ZC1NC7
by ~10° which suggests that it is the electronic structure at nitrogen atom that is most affected
when replacing oxygen with sulfur. The increase in this angle at nitrogen is similar to that
observed in the HNCO(128°)°*/HNCS (136°)° and CH3NCO(140°)/CH3NCS (147.5°) pairs.

To better understand these geometric changes, the nature of the occupied orbitals for
PhNCO and PhNCS was considered and the most striking difference is that there is an orbital
identified as a lone pair for nitrogen in the former but not in the latter. Comparison of the
hybridization of the nitrogen atoms reveals that for PANCS, the electronic structure is that of a sp
hybrid orbital while for PhNCO, it is more like sp'. This implies the addition of triple bond
character in the former which is confirmed by the appearance of a second m molecular orbital
between N and C7 in this compound. Closer inspection of the NBO results shows, however, that
this orbital is 85% localized on nitrogen and thus approximates lone pair character at that site
with some degree of delocalization through the additional m bond with C7. This subtle difference
in the nature of the orbitals involving nitrogen is in line with the observed geometry differences
in PANCO and PhNCS and also explains why the latter retains Cs symmetry rather than adopt Cay
symmetry.

The experimentally derived N quadrupole coupling constants of PhANCO and PhNCS
can be used to derive an independent estimate of the electronic structure at that site using a
Townes-Dailey analysis as described in detail by Gordy and Cook?” and as applied to other
nitrogen containing species such as the fluoropyridines.**-° To obtain the quadrupole coupling
constants in the quadrupole tensor frame (X, y, z), the principal inertial system was rotated by
7.3° and 3.3° (a—x, b—z, c—y) through the QDIAG program?* for PhANCO and PhNCS,

respectively. As the off-diagonal term (yab) was not well-determined, it was fixed at the ab initio
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value (-0.545 MHz for PANCO and 0.195 MHz for PhNCS) at the MP2/aug-cc-pVTZ level.

From reference 37, the 2s, 2px, 2py, 2p: orbital populations of nitrogen are:

Nps = Ny, (1 —203) + (1 +1i,) X 202 (1)

Nyp, = Ny, 208 + (1 +i5) X (1 — 2a3) ()
n, =1+i; 3)
Nap, = 1+ 4)

where ny1 is the occupancy of the lone pair orbital, is is the ionic character of the C-N c-bonds, ix
is that of the C-N =n-bond, and o, is the s character in the hybrid orbitals. As only two
independent parameters are known experimentally ()zz, Xxx-Xyy), one can only derive two of these
quantities related to the electronic structure. Assuming that the ionic character is across the C-N
bonds is described by the difference in electronegativities of C and N: is(nel) = loNel) = [Xc —
xn|/2 = 0.25 as invoked in reference 37 and estimating s> from the experimentally derived CNC
angle as in reference 38 the nuclear quadrupole coupling constants can be used to derive ny1 and

i from the following relationships:

_ N2p, T N2p, eQqz10(N)Y _
Xzz = <r12pZ - 2 X < 1+ec ) = —1.517 MHz (5)
3 eQqz10(N)
Xxx — ny = E(nsz — n2py) X (W = 4,071 MHz (6)

where €Qq210(N) = —11.2 MHz is the atomic orbital coupling of a p-electron on nitrogen,*°
€=0.30 is the charge screening correction for a nitrogen p-orbital, and the negative charge on
nitrogen can be calculated in units of e from ¢~ = 2is + iz — (2 — ny1).>” A summary of the results

from the analysis is provided in Table 5 along with results from the NBO calculations for
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comparison. Based on the agreement of the various parameters, it is evident that the Townes-
Dailey approach, as a simplified model based on valence bond theories, is a valid tool to estimate
the electronic structure around nitrogen. In comparison to PhNCO, the smaller charge on
nitrogen and the lower population in the nitrogen lone pair orbital in PANCS from the Townes-
Dailey results are indicative of greater delocalization of the electron density around the nitrogen
center in the latter. This is, of course, consistent with the above discussion of the NBO results but
direct comparison of values between these two methods should be done with caution due to
differences in the models from which they are derived.

The role of the terminal chalcogen atoms in the subtle changes inferred about the electron
density at nitrogen is not straightforward to extract due to their differences in atomic size,
electronegativity and hybridization. The natural charge on oxygen (-0.485) indicates greater
electron density at the end of the NCO fragment than in the sulfur (0.029) analog as expected.
This is reflected in differences in the nature of bonding within the NCO/NCS moieties in general.
The C7S o-bond in PhNCS, for example, is characterized by a more even sharing of electrons
(48% C7 : 52% S) and the hybrid orbital on sulfur has significantly enhanced p-character (sp®) in
comparison to PANCO (35% C7 : 65% O, sp>?). There are notable differences in the nature of
the m-bonding and lone pair characters of the chalcogen atoms also and collectively, these alter
the electronic structure of the NCX fragment in PANCO and PhNCS sufficiently to lead to the
observed geometric changes at nitrogen.

In summary, the rotational spectra of both PhANCO and PhNCS are reported for the parent
and nine minor isotopologues. By using the rotational constants for all heavy atom isotopologues,
the experimental (rm("’) geometries were obtained and observed to be in good agreement with ab

initio r. geometries at the MP2/aug-cc-pVTZ level. The greatest difference in the geometries
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occurs due to changes in the hybridization of the nitrogen atom favouring a more linear, sp-like
structure in the S-containing species. From the derived geometries, this change results in shorter
C-N bonds and a larger valence bond angle at nitrogen in PhNCS compared with PhNCO.
Finally, the derived C1-N and C7-N bond lengths and the 2ZCINC7 angles mirror those
predicted*! for vinyl-NCO and vinyl-NCS suggesting that the hybridization of the adjoining atom

of the R group has a critical influence on the electronic structure at nitrogen.
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Table 1. Ground State Spectroscopic Constants and Standard Errors Obtained for PhANCO and Its Isotopologues.

PhNCO 3C1 13C2 13C3 13C4 13C5 13C6 1BC7 5N 180
Rotational Constants® /MHz
A 5201.7138(3)  5197.76(2)  5142.347(7)  5101.517(9)  5194.081(9)  5154.498(9) 5114.580(8)  5201.243(9)  5178.363(5)  5188.98(2)
B 972.68164(2)  972.714(1)  972.46023(7) 967.23964(8) 959.45580(8)  962.9936(1)  971.06000(9) 961.82997(8)  969.23042(6) 929.1584(1)
C 819.62560(2) 819.5501(4) 817.98219(4) 813.24982(6) 810.03060(6) 811.57503(6) 816.28202(6) 811.89565(6) 816.59922(5) 788.2085(1)
Centrifugal Distortion Constants® /kHz
Ay 0.07264(9) 0.074(2) 0.0726(4) 0.0732(4) 0.0713(4) 0.0692(5) 0.0715(4) 0.0709(4) 0.0710(2) 0.0699(9)
Ak -0.2403(5) [-0.2403] -0.20(1) -0.26(1) -0.28(1) -0.19(1) -0.22(1) -0.24(1) -0.292(3) -0.27(2)
Ax 3.39(6) [3.39] [3.39] [3.39] [3.39] [3.39] [3.39] [3.39] [3.39] [3.39]
os 0.01669(7) 0.018(2) 0.0162(3) 0.0170(3) 0.0166(3) 0.0153(4) 0.0165(3) 0.0158(3) 0.0161(2) 0.0168(9)
Ok 0.451(7) [0.451] [0.451] [0.451] [0.451] [0.451] [0.451] [0.451] [0.451] [0.451]
N Quadrupole Coupling Constants /MHz
Yaa 2.7241(4) 2.8(1) 2.72(1) 2.72(1) 2.73(1) 2.74(1) 2.74(1) 2.73(1) - 2.71(1)
Abb -1.4474(4) [-1.4714] -1.45(1) -1.43(1) -1.45(1) -1.44(1) -1.45(1) -1.44(1) - -1.42(1)
Yee -1.2766(4) [-1.3006] -1.28(1) -1.29(1) -1.28(1) -1.29(1) -1.30(1) -1.30(1) - -1.29(1)
rms¢/kHz 0.7 1.8 0.8 0.9 0.9 1.0 0.9 0.9 0.4 0.9
# lines 244 18 66 63 63 62 63 62 30 41

“ Spectroscopic constants from reference 17: A=5202.103(46) MHz , B=972.68072(62) MHz, C=819.62733(61) MHz, A, = 0.0689(11) kHz, Ax = —0.209 (16)
kHz, Ax =[0.0], 6,= 0.01210(77) kHz, 5k = [0.0], yaa = 2.701(12) MHz, b = —1.444(15) MHz, ycc- —1.258(15) MHz.

® CD constants in square brackets were fixed to the value from the parent.

C s Y.(obs—calc)?
microwaverms = |[————
# lines
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Table 2. Ground State Spectroscopic Constants and Standard Errors Obtained for PANCS and Its Isotopologues.

PhNCS 13C1 3C2 BC3 BC4 1BCs 13C6 BC7 BN 348
Rotational Constants® /MHz
A 5218.6948(5)  5214.74(5) 5158.17(5) 5115.35(5) 5209.78(7) 5173.07(7) 5131.96(6) 5215.57(6) 5196.16(3) 5214.65(2)
B 634.47256(3)  634.28085(6) 633.86807(8) 630.53423(7) 626.39418(8)  628.17206(8) 632.74748(7) 631.50203(7) 633.97616(4)  616.23303(3)
C 565.63308(3) 565.43467(7) 564.43402(9) 561.27790(8)  559.1056(1)  560.0868(1)  563.22739(9) 563.23546(9) 564.97452(5)  551.04506(4)
Centrifugal Distortion Constants® /kHz
Ay 0.04812(5) 0.0478(7) 0.0494(9) 0.0475(8) 0.046(1) 0.049(1) 0.0483(9) 0.048(1) 0.0478(3) 0.0463(2)
Ak -0.1303(8) [-0.1303] [-0.1303] [-0.1303] [-0.1303] [-0.1303] [-0.1303] [-0.1303] [-0.1303] [-0.1303]
Ax 7.1(1) [7.1] [7.1] [7.1] [7.1] [7.1] [7.1] [7.1] [7.1] [7.1]
oy 0.00840(3) [0.00840] [0.00840] [0.00840] [0.00840] [0.00840] [0.00840] [0.00840] [0.00840] [0.00840]
ok 0.62(1) [0.62] [0.62] [0.62] [0.62] [0.62] [0.62] [0.62] [0.62] [0.62]
N Quadrupole Coupling Constants /MHz
Yaa 1.935(1) 1.94(1) 1.93(1) 1.93(1) 1.95(1) 1.93(1) 1.93(1) 1.94(1) - 1.95(1)
Xbb -1.452(1) -1.43(2) -1.45(2) -1.43(2) -1.41(2) -1.40(2) -1.43(2) -1.41(2) - -1.49(2)
Yee -0.483(1) -0.51(2) -0.49(2) -0.51(2) -0.53(2) -0.52(2) -0.51(2) -0.53(2) - -0.45(2)
rms¢/kHz 0.8 0.7 0.9 0.8 1.0 1.0 0.9 0.9 0.7 1.0
# lines 214 30 27 30 30 29 29 27 20 65

? Spectroscopic constants from reference 17: A=5219.03(38) MHz, B=634.4716(16) MHz, C=565.6340(17) MHz, A, = 0.0489(52) kHz, Ax = —0.134 (53) kHz,
Ax =10.0], 5,=0.00918(54) kHz, 6x = [0.0], Yaa = 1.925(14) MHz, yvb = —1.434(18) MHz, ycc- —0.491(18) MHz.

® CD constants in square brackets were fixed to the value from the parent.

C s Y. (obs—calc)?
microwaverms = |[————
# lines
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Table 3. Mass Dependence (rm") and Equilibrium (r¢) (MP2/aug-cc-pVTZ) Structural Parameters (Bond Lengths in A, Angles in

degrees) Determined for Phenyl Isocyanate and Phenyl Isothiocyanate.

PhNCO PhNCS
rm(l) Te rm(l) Te
r(C1C2) 1.393(4) 1.398 1.398(2) 1.399
r(C2C3) 1.391(5) 1.392 1.401(5) 1.391
r(C3C4) 1.397(2) 1.394 1.399(5) 1.395
r(C4C5) 1.393(3) 1.394 1.397(7) 1.394
r(C5C6) 1.396(2) 1.392 1.398(4) 1.391
r(C1C6) 1.401(5) 1.395 1.399(5) 1.396
r(NC1) 1.393(7) 1.399 1.380(5) 1.385
r(C7N) 1.207(4) 1214 1.195(7) 1.206
r(C70/S) 1.173(3) 1.178 1.581(5) 1.576
£(C3C2C1) 119.9(4) 119.6 119.0(3) 119.3
£(CAC3C2) 120.4(5) 120.4 120.5(3) 120.4
£(C5C4C3) 119.6(1) 119.7 119.8(2) 119.8
£(C6C5C4) 120.5(1) 120.4 120.4(3) 120.4
£(C1C6C5) 119.7(3) 119.6 119.2(3) 119.4
£(C2C1C6) 119.9(5) 120.3 121.1(3) 120.7
£(NC1C2) 122.4(4) 121.7 120.4(1) 120.3
£(CTNC1) 135.2(4) 136.5 145.1(2) 146.6
£(NC70/S) 173.8(6) 172.8 176.6(6) 175.3
ca (u? A) 0.0168(4) -0.0123(8)
5 (uA?) 0.0055 0.012
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Table 4. Comparison between Experimental and Calculated (MP2 and B3LYP-D3BJ, aug-cc-pVTZ) Spectroscopic Constants for

PhNCO and PhNCS. The Centrifugal Distortion Constants are Reported for Both Harmonic (H) and Anharmonic (A) Frequencies.

PhNCO

Rotational Constants/MHz

A

B

c

N Quadrupole Coupling Constants /MHz

Centrifugal Distortion Constants /kHz

Aaa Abb Kee Ay Ak Ak [ Ok
Experimental  5201.7138(3) 972.68164(2) 819.62560(2) 2.7241(4) -1.4474(4) -1.2766(4) 0.07264(9) -0.2403(5) 3.39(6) 0.01669(7) 0.451(7)
B3LYP-D3BJ 5324.92 960.94 813.66 2.768 -1.6178 —1.1502 H 0.0403 2.5229 1.096 0.0029 1.0595
A 0.0630 —0.0993 3.1301 0.0142 0.4568
MP2 5244.99 964.85 814.94 2.7296 —1.2398 —1.4898 H 0.0451 2.3226 0.3723 0.0043 1.0225
Rotational Constants/MHz N Quadrupole Coupling Constants /MHz Centrifugal Distortion Constants /kHz
PhNCS A B C Aaa Abb Aee As AJk Ak Jy ok
Experimental  5218.6948(5) 634.47256(3) 565.63308(3)  1.935(1)  -1.452(1)  -0.483(1) 0.04812(5) -0.1303(8) 7.1(1)  0.00840(3) 0.62(1)
B3LYP-D3BJ 5358.97 625.77 560.34 1.8987 —1.5235 —0.3752 H 0.0188 5.4177 57.3063 0.0040 —1.6672
A 0.0407 0.1191 6.2556 0.0070 0.6331
MP2 5283.70 627.90 561.21 1.9689 —1.1443 —0.8246 H 0.0181 5.1064 58.0997 0.0041 -1.5284
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Table 5. The '*N Quadrupole Coupling Constants (in MHz) in the Quadrupole Tensor Frame (x,

y, z) and Results from the Townes-Dailey Analysis of PANCO and PhNCS.

Axx Ayy Yz CNC/° o’ is
PhNCO 2.79403  -1.2766  -1.51743 135.2 0.415 0.25
PhNCS 1.94656  -0.48306  -1.4635 145.1 0.45 0.25
Townes-Dailey (T-D) analysis
in Nyl nos N2px N2py N2pz c
PHNCO T-D 0.54 1.620 1.313 1.250 1.540 1.558 0.661
NBO 1.646 1.270 1.248 1.513 1.468 0.527
PhNCS T-D 0.413 1.503 1.275 1.250 1.413 1.478 0.416
NBO 1.759* 1.213 1.348 1.408 1.426 0.431

® The NBO results do not identify a lone pair on nitrogen but rather predict a second n bond with C7 as described in

the text. This value is the occupancy of that orbital that approximates the lone pair.
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