
57

Abstract:  Ab initio calculations with full electron correlation by the per-
turbation method to second order and hybrid density functional theory 
calculations by the B3LYP method utilizing the 6-31G(d), 6-311+G(d,p), 
and 6-311+G(2d,2p) basis sets have been carried out for the XNCO (X = 
H, F, Cl, Br) molecules. From these calculations, force constants, vibra-
tional frequencies, infrared intensities, Raman activities, depolarization 
ratios, and structural parameters have been determined and compared 
to the experimental quantities when available. By combining previously 
reported rotational constants for HNCO, ClNCO and BrNCO with the 
ab initio MP2/6-311+G(d,p) predicted structural values, adjusted r

0
 

parameters have been obtained.    The r
0
 values for BrNCO are: r(Br−N) 

= 1.857(5); r(N=C) = 1.228(5); r(C=O) = 1.161(5) Å; ∠BrNC = 117.5 (5) 

and ∠NCO = 172.3(5)°.  For ClNCO the determined r
0
 parameters are 

in excellent agreement with the previously determine r
s
 values, whereas 

those for HNCO the HNC angle is larger with a value of 126.3(5)° com-
pared to the previous reported value of 123.9(17)°.  However, considering 
the relatively large uncertainty in the value given initially the two results 
are in near agreement.   Predicted values for the barriers of linearity are 
given for both the XNCO and XOCN (X = H, F, Cl, Br) molecules and the 
results were compared to the corresponding isothiocyanate molecules. 
The predicted frequencies for the fundamentals of the XNCO molecules 
compare favorably to the experimental values but some of the predicted 
intensities differ significantly from those in the observed spectra.  
Keywords: ab initio calculations, infrared and Raman spectra, r

0
 struc-

tural parameters, XNCO and XOCN (X = H, F, Cl, Br) molecules.

Introduction
 Recently, several [1-6] spectroscopic studies supported by ab 
initio and density functional theory calculations of some YN

3
 [1,2] and 

YNCS [3-6] molecules (Y =  organic, silyl, germyl or halogen moiety) have 
been reported.  Since the YNC angle is relatively large or in some cases 
linear, the NCS moiety has nearly free or free rotation which significantly 
effects the vibrational and rotational spectra.  For example, the barrier to 
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internal rotation for methylisothiocyanate (CH
3
NCS) is ~3 cm-1 which re-

sults in essentially free rotation of the methyl group with the degeneracy 
of the two NCS bends [5].   In the infrared spectrum of the gas phase, two 
of the antisymmetric (pseudodegenerate) vibrations of the CH

3
 groups 

have resolvable fine structure where the spacing is 9.8 cm-1 for the stretch 
and 13.8 cm-1 for the deformation where the spacing is determined by the 
zeta values for these normal modes for the CH

3
NCS molecule [5].  Also 

the two NCS bends give a very strong broad infrared band in the gas and 
liquid along with a much weaker lower frequency band.  In the infrared 
spectrum of the solid the very broad band essentially disappears leaving 
the single lower frequency band which may indicate a linear CNCS.  This 
very low C-NCS torsional barrier for the methyl compound is also found 
for the corresponding ethyl compound [6] which results in a single stable 
cis conformer (CH

3
 group cis to the NCS moiety) for this molecule which 

is at variance from the predictions form ab initio calculations up to TZVP 
[7].  Because of these large amplitude vibrations for these type of mol-
ecules, it has frequently been difficult to assign their microwave spectra 
from which rotational constants can be obtained for determining the r

0
 or 

r
s
 structural parameters.  However, it is frequently possible to combine a 

limited number of experimentally determined rotational constants with 
ab initio predicted structural parameters to obtain r

0
 structural param-

eters that have significantly smaller uncertainties than those obtained 
from the microwave spectral data [8].  Such results have been obtained 
for HN

3
 [1], CH

3
N

3
 [2], HNCS [3] and GeH

3
NCS [5]. 

 Since the ∠XNC (X = H, CH
3
) for the isocyanate is significantly 

smaller [9, 10] than the corresponding angles for the XNCS [3, 5] mole-
cules, it is expected that the barrier to linearity will be much larger for the 
corresponding isocyanates.  Also the N=C distances may be significantly 
different between isocyanate and the corresponding isothiocyanate mole-
cules.  Therefore, as a continuation of these spectroscopic and theoretical 
investigations, a similar study of XNCO where X = H, F, Cl, and Br was 
carried out for comparison to the corresponding isothiocyanate (NCS) 
molecules.  The results of these theoretical studies along with compari-
sons to the experimental data when appropriate are reported herein. 
Theoretical Calculations
In order to provide vibrational frequencies with both infrared and Raman 
intensities and optimized geometries, ab initio calculations were carried 
out by using the Gaussian-98 program [11] at both the restricted Hartree-
Fock (RHF) level and by the perturbation method to second order (MP2) 
[12] with full electron correlation.  Three basis sets, 6-31G(d), 6-311+G(d) 
and 6-311+G(2d) have been utilized.  Hybrid density functional theory 
(DFT) calculations have also been carried out by the B3LYP method uti-
lizing the 6-311+G(d) basis set.  Frequencies for the fundamentals have 
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been predicted for the XNCO (X = H, F, Cl, Br) molecules, along with the 
predicted infrared and Raman activities and these data are listed in Table 
1.  The predicted values are compared to the experimental values when 
they are available.
 In order to obtain a complete description of the molecular 
motion involved in the normal modes, the force field in Cartesian coor-
dinates was calculated with the 6-31G(d) and 6-311+G(d) basis sets at 
the MP2 level as well as with 6-311+G(d) basis set from the hybrid DFT 
calculations by B3LYP method.  The internal coordinates were the X−N, 
N=C, and C=O distances, the XNC and NCO angle bends, and the out-of-
plane angle bend for the isocyanates and X−O, O−C and C   N distances, 
the XOC and OCN bends, and the out-of-plane bend for the cyanates.  
The symmetry coordinates were these internal coordinates individually, 
except the C=O and N=C coordinates for antisymmetric and symmetric 
stretches was combined for the isocyanates.  The B matrix was used to 
convert the ab initio force field in Cartesian coordinates to a force field in 
internal coordinates [13].

==
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Table 1.  Calculateda frequencies (cm-1) and potential energy distribu-
tions (PEDs) for XNCO (X = H, D, F, Br, Cl).

 

a For HNCS and DNCS the basis sets included p orbitals for the H and D atoms.
b Calculated infrared intensities in km/mol.
c Raman activities in Å4/u.
d Frequencies for HNCO Ref. [24], DNCO [15], ClNCO and BrNCO [30].
e Frequencies for FNCO Ref. [26], BrNCO Ref. [35].
f Calculated with MP2/6-31G(d) and contributions of less than 10% are omitted.
* Indication of misassignment in an earlier investigation [25]. 
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 The frequencies from the MP2/6-31G(d) calculation were also 
calculated by utilizing a set of scaling factors of 0.88 for the N−H (N−D) 
stretches, 0.9 for HNC (DNC) bends, and 1.0 for all other coordinates 
with the geometric average for the off-diagonal terms for HNCO.  Except 
for the acid, the potential energy distributions (P.E.D.s) are expressed 
in terms of the symmetry coordinates where: S

1
 is NCO antisymmetric 

stretch, S
2
 is the NCO symmetric stretch, S

3
 is the X−N stretch, S

4
 is the 

NCO bend, S
5
 is the XNC bend and S

6
 is out-of-plane bend; these po-

tential energy distributions are listed in Table 1.  For the acid, S
1
 is N−H 

(N−D) stretch, S
2
 is NCO antisymmetric stretch, S

3
 is the NCO symmetric 

stretch, S
4
 is HNC (DNC) bend, S

5
 is NCO bend and S

6
 is the out-of-plane 

bend.  The pure ab initio frequencies, infrared intensities, Raman scat-
tering activities, along with the B3LYP/6-311+G(d) calculation results are 
also given in Table 1.
 In order to show the differences in the predicted and observed 
spectra for the fluoro-, chloro- and bromoisocyanates as well as the dif-
ference in the infrared and Raman spectra for the hydrogen and ha-
locyanates, we calculated the theoretical infrared and Raman spectra.  
The calculated frequencies, infrared intensities, and Raman scattering 
activities were obtained from both the ab initio and hybrid DFT calcula-
tions.  Infrared intensities were calculated based on the dipole moment 
derivatives with respect to the Cartesian coordinates.  The derivatives 
were taken from the ab initio calculation and transformed to the normal 
coordinates by (∂µ

u
/∂Q

i
)=[∑(∂µ

u
/∂X

j
)]L

ij
, where Q

i
 is the ith Cartesian 

displacement coordinate, L
ij
 is the transformation matrix between the 

Cartesian displacement coordinates and normal coordinates.  The infra-
red intensities were then calculated by: I

i
 = [(Nπ)/(3c2)] [(∂µ

x
/∂Q

i
)2+(∂µ

y

/∂Q
i
)2+(∂µ

z
/∂Q

i
)2].

 For HNCO and DNCO, mainly the predicted infrared and Raman 
spectra are shown  in Figure 1.  In Figs. 2−4, the predicted infrared spec-
tra from the MP2(full)/6-31G(d) calculations are shown for each XNCO 
(X = F, Cl, Br) molecule.  For comparison the experimental infrared 
spectra of the gas or in a matrix are also shown.  The observed ones show 
some slight differences from the predicted ones for these molecules.  
An analytical gradient method has been developed [14, 15] for the evalu-
ation of the Raman activity.  Where the activity, S

j
, can be expressed as:   

S
j
 = g

j
 (45α

j
2+7β

j
2) and  g

j 
is the degeneracy of the vibrational mode j, α

j
 is 

the derivative of the isotropic polarizability, and β
j
 is that of the aniso-

tropic polarizability.  The Raman scattering cross sections, which are 
proportional to the Raman intensities, can be calculated from the scat-
tering activities [16,17].  To obtain the polarized Raman cross sections, 
the polarizabilities are incorporated into S

j
 by multiplying S

j
 with (1−ρ

j
)/

(1+ρ
j
), where ρ

j
 is the depolarization ratio of the jth normal mode.  The 
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Raman scattering cross sections and the calculated frequencies were used 
together with the Lorentzian function to obtain the calculated spectrum.  
The predicted Raman spectrum for the individual molecules is shown 
below the infrared spectrum, but only the experimental one for BrNCO is 
conveniently available for comparison. 
Vibrational Spectra and Structural Parameters
 The predicted vibrational spectra for the XNCO (X = H, D, F, 
Cl, Br) molecules are shown in Figs. 1−4 and it should be noted that in 
general there are significant differences in the predicted intensities of the 
lower frequency bending modes of the infrared spectra and those in the 
Raman spectra.  For example, with BrNCO, the ν

4
 fundamental is barely 

observable in the infrared spectrum but it is the strongest Raman band.  
Similarly the ν

6
 mode is extremely weak in the Raman spectrum but the 

third strongest band in the infrared spectrum.  Some similar differences 
are also predicted for the other XNCO molecules (X = F and Cl).  Thus, 
these data could be of significant importance for any future Raman stud-
ies of the other halocyanates.  However, infrared and Raman data as well 
as experimental structural data are available for isocyanic acid.

ZHOU/XNCO MOLECULES
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3.1 Isocyanic acid (HNCO and DNCO)

Fig. 1 Vibrational spectra of HNCO and DNCO: (A) experimental 
(Ref. [38]) infrared spectrum of HNCO in nitrogen matrix; and 
(A΄) HOCN spectrum generated from HNCO; (B) simulated 
infrared and (C) Raman spectra of HNCO from MP2/6-31G(d) 
calculation; (D) simulated infrared and (E) Raman spectra of 
DNCO from MP2/6-31G(d) calculation.  Note scale changes.
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 The predicted infrared spectrum of HNCO from scaled MP2/6-31G(d) 
calculations is shown in Fig. 1B and that for DNCO in 1D, and the cor-
responding Raman spectra are shown in 1C and 1E, respectively.  The 
predicted intensities for ν

2
 in the Raman spectra makes them almost 

unobservable  compared to the other Raman line intensities whereas 
the corresponding symmetric NCO stretch (ν

3
) is the most intense Ra-

man line with the corresponding infrared band extremely weak as might 
be expected from a comparison of these corresponding modes of CO

2
.  

Because of this exceedingly small intensity, this mode was misassigned 
in the early infrared investigation [18] with a frequency of 1527 cm-1.  
The question concerning the correct assignment for ν

3 
should not have 

occurred since this mode was clearly observed by Goubeau [19] in the 
Raman spectrum.  The predicted Raman intensity of this fundamental is 
the second highest (Table 1), and is only exceeded by the predicted inten-
sity of the NH stretch and the only other fundamental with significantly 
predicted Raman intensity is the HNC bend.  

 
There was also some con-

troversy concerning the assignment for the HNC bend (ν
4
) as well as the 

out-of-plane NCO bend (ν
6
, A˝).  For example, ν

6
 was assigned at 777.1 

cm-1 [20] which was later supported by ab initio SCF calculations [21] 
that was in agreement with earlier CNDO/2 calculations [22].  However, 
the higher level calculations (Table 1) clearly show that the out-of-plane 
mode is the band at 656.3 cm-1, but again the intensity is extremely small 
which undoubtly contributed to the earlier misassignment.  
 The potential energy distributions for ν

4
 and ν

5
 for HNCO and 

DNCO are rather interesting where, for the deuterium compound, there 
is 64% contribution of the NCO bend (S

5
) to the higher frequency band 

at 767 cm-1 whereas for the hydrogen compound the corresponding band 
at 777 cm-1 is 76% HNC bend (S

4
).  The halocyanate NCO bend is heavily 

mixed with the XNC bend for the fluoro- and chloro- compounds as well 
as with the X-N stretches.  However, this mixing is relatively small for the 
bromide.  Therefore the simple descriptions of the three bands below the 
symmetric NCO stretch for the haloisocyanates do not give a very good 
indication of the atom displacements for these modes.

ZHOU/XNCO MOLECULES
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 TABLE 2.    Structural parameters,a rotational constants, dipole mo-
ments and energies for HNCO. 

 

 The structural parameters for HNCO have been obtained from 
two microwave studies [9, 23] with relatively low uncertainties for the 
distances but with larger uncertainties for the HNC and NCO angles of 
123.9 ± 1.7° and 172.6 ± 2.7°, respectively (Table 2).  In the initial micro-
wave study [23], NCO was assumed to be linear with a relatively large 
∠HNC of 128.0° and a very short N=C distance of 1.209 Å.  Later the 
microwave data was reanalyzed by using a modified substitution method 
along with a nonlinear NCO which resulted in more reasonable angles 
but with relatively large uncertainties.  We have combined the ab initio 
predicted parameters from the MP2/6-311+G(d,p) calculations along 
with the previously reported rotational constants [23] from the following 
isotopes 15N, 13C, 18O, and D as well as with the normal species to obtain 
the five structural parameters.  The values we obtained for the HNC angle 
is 126.1 ± 0.5°, and 172.6 ± 0.5° for the NCO angle, both of which are 
nearly in agreement with the values previously reported but with smaller 
uncertainties.  Also it should be noted that the values obtained from 
the ab initio MP2/6-311+G(d,p) calculations as well as those from the 
B3LYP/6-311+G(d,p) calculations are in reasonable agreement with the 
experimental values but different from the theoretical values previously 
reported [24] with the smaller 6-31G(d,p) basis set. 

a  Bond distances in Å, bond angles in degrees, rotational 
constants in MHz, dipole moments in Debye and energies in 
Hartree. 
 b Assumed.  
c Modified substitution method
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3.2 Fluorine Isocyanate (FNCO) 

Fig. 2 Vibrational spectra of FNCO: (A) experimental infrared 
spectrum (Ref. [25]) from argon matrix obtained by UV 
photolysis of FC(O)N

3
; † spectrum of precursor; * the original 

assignment of ν
6
, later reassign to ν

5 
band; simulated spectra 

from MP2/6-31G(d) calculation (B) infrared and (C) Raman.

  The initial infrared spectrum of FNCO was reported
 
by Gholi-

vand et al. [25] from an argon matrix where the sample was generated by 
UV-photolysis of  FC(O)N

3 
and five of the six fundamentals were assigned 

(Fig 2). The NCO symmetric stretch (ν
2
) was not assigned but as can be 

seen from the ab initio predicted spectrum this fundamental is predicted 
to be very weak (Fig. 2B) as might be expected from the similar mass for 
the oxygen and nitrogen atoms and their electronegativities. The predict-
ed frequency is expected to be the lower limit since this mode is predicted 
too low for all of the other XNCO molecules investigated herein.  Initially 
there were two modes (ν

5
, ν

6
) which were misassigned with the weak 

band at 646 cm-1 (Fig. 2A marked with an asterisk) assigned as ν
6
 but 

it is obvious that this band is not a fundamental.  The band at 529 cm-1 
which was previously assigned [25] as ν

5
 is in fact ν

6
, the out-of-plane 

NCO mode, and ν
5
 is predicted to have a frequency of 196 cm-1 which was 

ZHOU/XNCO MOLECULES
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beyond the range of their spectroscopic investigation at the time.  Later 
in a reinvestigation [26] of the infrared spectrum of FNCO including 15N, 
13C, and 18O isotopic species by utilizing a neon matrix, ν

5
 was observed at 

203.5 cm-1 and ν
6
 reassigned to the band at 533.8 cm-1 (Table 1).  

The predicted intensities for the four observed fundamentals shown in 
Fig. 2 agree very well with the observed values. It is probable that the 
predicted intensities for the Raman lines would also agree well with the 
Raman data if the spectrum were recorded. Finally the extensive mix-
ing of two of the A’ modes should be noted. Therefore, to refer to one of 
them as the FNC bend (Table 1) is an over simplification since this mode 
is extensively mixed with the NCO bend.  A similar problem is also found 
for the in-plane NCO bend of the corresponding chlorine molecule. 
TABLE 3.    Structural parameters,a rotational constants, dipole mo-
ments and energies for FNCO.

 No structural studies have been reported for FNCO so it was not 
possible to obtain adjusted r

0
 parameters from the ab initio predicted 

values but we have some estimated r
0
 parameters (Table 3).  To deter-

mine the expected quality of the NF distance we have carried out some 
ab initio calculations on some other NF containing molecules: F

2
C=NF, 

HNF
2
, and CH

3
NF

2
 where the NF distances have been experimentally 

determined [27, 28, 29, respectively]. The predicted NF distances were 
compared to those experimentally determined by the same basis sets 
and level of calculations used to predict the parameters for FNCO.  For 

aBond distances in Å, bond angles in degrees, rotational constants 
in MHz, dipole moments in Debye and energies in Hartree.
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F
2
C=NF the MP2(full)/6-311+G(d) calculations predicted the NF distance 

within 0.002 Å which was the listed uncertainty of the experimental 
determination.  For the HNF2 molecule the predicted distance was too 
short by 0.009 Å but the B3LYP calculation with the same basis set gave 
a predicted NF distance of 0.003 Å.  A similar results was obtained for 
the CH

3
NF

2
 molecule.

Therefore, we believe the NF distance for FNCO should be somewhere 
between the predicted value of 1.403 Å for FNCO from the MP2 calcula-
tions (Table 3) and 1.409 Å from the B3LYP calculations, i.e. 1.406 Å.
3.3 Chlorine Isocyanate (ClNCO)
 The infrared spectrum of gaseous ClNCO has been reported [30] 
and five of the fundamentals were assigned from observed bands with the 
low frequency ClNC bend (ν

5
) estimated at ~230 cm-1 from combination 

and difference bands (Table 1).  However as can be seen from the predict-
ed frequency of 166 cm-1 for this fundamental, this estimated frequency 
is entirely too high.  Based on the predicted frequencies for the FNC and 
BrNC bending modes compared to the observed values it is expected that 
the ClNC bend should be within the estimated value of 166 ± 4 cm-1.  The 
predicted frequencies for the other fundamentals have errors similar to 
those found for the corresponding vibrations for the FNCO molecule.

ZHOU/XNCO MOLECULES
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  The predicted intensities of the infrared bands agrees very well 
with the experimentally observed values (Fig. 3) where the ν

4 
mode is 

predicted to be quite weak  and ν
1 
very, very strong.  The ν

6 
fundamen-

tal is predicted to be quite weak in the Raman spectrum but there is no 
experimental data for comparison.  These predicted intensities for the 
infrared and Raman spectra do not differ significantly among the three 

Fig. 3 Vibrational spectra of ClNCO: (A) simulated infrared spectrum 
from MP2/6-31G(d) calculation; (B) experimental infrared spectrum of 
the gas  (Ref. [30]); (B΄) an expansion of the weaker bands by five times; 
* indicating the observed fundamentals; (C) simulated Raman  spectrum 
from MP2/6-31G(d) calculation. 
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  The predicted intensities of the infrared bands agrees very well 
with the experimentally observed values (Fig. 3) where the ν

4 
mode is 

predicted to be quite weak  and ν
1 
very, very strong.  The ν

6 
fundamen-

tal is predicted to be quite weak in the Raman spectrum but there is no 
experimental data for comparison.  These predicted intensities for the 
infrared and Raman spectra do not differ significantly among the three 

different calculations (Table 1).
 There have been two microwave studies of ClNCO where in the 
first investigation [31] only three isotopic species (35Cl, 37Cl, 18O) were 
studied so only a partial substitution structure was obtained which neces-
sitated the use of one of the principal moments.  This resulted in a rather 
large variation in the bond lengths and angles depending on the moment 
used to obtain the distance so the accuracy of the determined parameters 
was quite low (Table 4).  However in the second microwave study [32], 
three more isotopic species were investigated which included 15N with 
35Cl and 37Cl and 13C with 35Cl so sufficient spectral data were obtained 
with all of the atoms substituted.  A complete substitution structure was 
obtained and the determined parameters are listed in Table 4.  The listed 
uncertainties are relatively small so these results were used to evalu-
ate the quality of the adjusted r

0
 parameters obtained from the ab initio 

predicted parameters adjusted to fit the microwave rotational constants.  
These data show the use of the ab initio predicted values coupled with 
the microwave rotational constants provide excellent values for the struc-
tural parameters. 
TABLE 4.    Structural parameters,a rotational constants, dipole mo-
ments and energies for  ClNCO

a Bond distances in Å, bond angles in degrees, rotational constants in MHz, 
dipole moments in Debye and energies in Hartree. 
b Ref. [32].

ZHOU/XNCO MOLECULES
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3.4 Bromine Isocyanate (BrNCO)

  

Fig. 4 Vibrational spectra of BrNCO: (A) simulated infrared spectra from 
MP2/6-31G(d) calculation; experimental (Ref. [35]) (B) infrared spectrum of the 
gas (resolution: 1 cm-1), (C) infrared spectrum in neon matrix (resolution: 0.5 cm-1), 
(D) Raman spectrum of the liquid (resolution: 4 cm-1); and (E) simulated Raman 
spectra from MP2/6-31G(d) calculation.
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3.4 Bromine Isocyanate (BrNCO)

  

 The infrared spectrum for BrNCO was initially reported [33, 34] 
with only about one-half of the observed bands assigned.  A more exten-
sive study of the infrared spectrum of the gas was reported [30] with fre-
quencies given for four of the fundamentals and six other bands assigned 
with four of them as combination bands and two as difference modes.  
This study was followed by an in-depth vibrational investigation [35] 
which included Raman spectrum of the liquid, infrared spectrum of the 
gas and matrix-isolated (Ne and Ar) of the normal species and Ar matri-
ces for 15N, 13C, and 18O enriched species.  Some of these spectral data are 
shown in Fig. 4 along with the ab initio predicted infrared and Raman 
spectra.  Remarkably good agreement is found between the observed and 
predicted spectra of both the infrared and Raman data.  From these data 
the final two fundamentals were confidently assigned (Table 1).  There 
were some very large differences between the frequencies in the neon 
matrix and those from the liquid, i.e. 137 g (150 l); 506 g (490 l); 572 g 
(560 l); 2196 g (2168 l).  These differences indicate significant association 
in the liquid phase.   
TABLE 5.    Structural parameters,a rotational constants, dipole mo-
ments and energies for BrNCO.

a Bond distances in Å, bond angles in degrees, rotational constants in MHz, dipole 
moments in Debye and energies in Hartree.
b Ref. [37].
c Initial microwave studies [36] show that the parameters has been deduced from 
limited isotopic data, only rBr-N, ∠BrNC and ∠NCO were varied.

ZHOU/XNCO MOLECULES
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There have been two microwave studies of BrNCO where in the first one 
only two isotopomers were investigated (79Br and 81Br) and three param-
eters were varied r(Br-N), ∠BNC and ∠NCO with the other parameters 
assumed to be the same as the corresponding parameters of the ClNCO 
molecules [36].  In the later microwave study [37] the 18O isotopomers 
(79Br and 81Br) were investigated and with the rotational constants of 
the four isotopomers both r

0
 and r

z
 structural parameters were deter-

mined (Table 5).  Both of these results gave a rather short NC distance 
compared to the value obtained in this study by combining the ab initio 
predicted parameters with the “fit” of the microwave rotational constants 
(Table 5).  The ab initio predicted parameters for the NCO moiety are 
nearly the same for the chlorine and bromine cyanate which is a strong 
indication that the relatively large difference suggested from the micro-
wave data alone are probably in error. 
Discussion
It is clear that the NCO moiety is bent in the ground vibrational state 
from both the microwave data and the ab initio predicted parameters.  

a NCO moiety linearity is defined with NCO group assuming C
∞v

 point group, and with 
XNCO molecules assuming C

s
 point group.

b Molecular linearity is defined with XNCO molecules assuming C
∞v

 point group.
c The second designation in parentheses, p-orbital polarization functions, only apply to the 
hydrogen atom in HNCO.

TABLE 6.  Calculated barriers to NCO moiety linearitya and barriers to 
molecular linearityb of XNCO (X = H, F, Cl and Br) molecules.
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The linearity of the NCO moiety for all of the XNCO (X = H, F, Cl, Br) 
molecules was calculated (Table 6) and the values are very similar for all 
four molecules.  The predicted values for the HNCO molecule range from 
a low 222 cm-1 (RHF/6-311+G(d,p)) value to the high value of 396 cm-1 
(MP2(full)/6-311+G(d,p)) with an average value of 335 cm-1 from the five 
different  calculations.  A similar average value is found for the BrNCO 
molecule with the other two molecules having values of 390 cm-1.  These 
values on average are ~130 cm-1 larger than the barriers to linearity of 
the NCS moiety for the similar molecules [3].  The barriers to molecular 
linearity of the XNCS (X = H, F, Cl, Br) molecules are somewhat smaller 
(~1000 cm-1 average) than the corresponding ones for the XNCO (X = H, 
F, Cl, Br) molecules.  Also it should be noted that the barrier to molecu-
lar linearity of FNCO is about five times larger than the value for HNCO 
and about three times larger than those for the other two halides (Table 
6).  The larger barriers to molecular linearity for the XNCO molecules are 
undoubtably due to the significantly small ∠XNC angle of the cyanates 
compare to the similar angle of the isothiocyanantes. 

Acknowledgement
XZ acknowledges the University of Missouri-Kansas City for the SEARCH 
grant which supported this research and Dr. James R. Durig for his guid-
ance and advice throughout the research project.  

ZHOU/XNCO MOLECULES



76
¤ LUCERNA ¤

References

1. S. Shen, J. R. Durig, J. Mol. Struct., 661/662 (2003) 49.
2. D. T. Durig, M. S. Durig, J. R. Durig, Spectrochim. Acta, 61A (2005) 
 1287.
3. J. R. Durig, C. Zheng, H. Deeb, J. Mol. Struct., 784 (2006) 79.
4. J. R. Durig, X. Zhou, A. M. El-Defrawy, G. A. Guirgis, T. K. Gounev, C 
 Zheng, J. Mol. Struct, 839 (2007) 107.
5. C. Zheng, G. A. Guirgis, H. Deeb, J. R. Durig, J. Mol. Struct., 829 
 (2007) 88. 
6. J. R. Durig, C. Zheng, Spectrochim. Acta. 69 (2007) 0000.
7. M.H. Palmer, A.D. Nelson J. Mol. Struct. 689 (2004) 161.
8. B. J. van der Veken, W. A. Herrebout, D. T. Durig, W. Zhao, J. R. 
 Durig, J. Phys. Chem. A 103 (1999) 1976.
9. K. Yamada, J. Mol. Spectrosc. 79 (1980) 323.
10. R.G. Lett, W.H. Flygare, J. Chem. Phys. 47 (1967) 4730.
11. Gaussian 98, Revision A.11.2, M. J. Frisch, G. W. Trucks, H. B. 
 Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. 
 Zakrzewski, J. A. Montgomery, Jr., R. E. Stratmann, J. C. Burant, 
 S. Dapprich, J. M. Millam, A. D. Daniels, K. N. Kudin, M. C. 
 Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R. Cammi, B. 
 Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Ochterski, G. A. 
 Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, N. Rega, P. 
 Salvador, J. J. Dannenberg, D. K. Malick, A. D. Rabuck, K. 
 Raghavachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, A. G. 
 Baboul, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. 
 Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A. 
 Al-Laham, C. Y. Peng, A. Nanayakkara, M. Challacombe, P. M. 
 W. Gill, B. Johnson, W. Chen, M. W. Wong, J. L. Andres, C. 
 Gonzalez, M. Head-Gordon, E. S. Replogle and J. A. Pople, 
 Gaussian, Inc., Pittsburgh PA (2001).
12. P. Pulay, Mol. Phys. 179 (1969) 197.
13. G. A. Gurigis, X. Zhu, Z. Yu, J.R. Durig, J. Phys. Chem. A 104 (2000) 
 4383.
14. M. J. Frisch, Y. Yamaguchi, J. F. Gaw, H.F. Schaefer III, J.S. Binkley, 
 J. Chem. Phys. 84 (1986) 531.
15. R. D. Amos, Chem. Phys. Lett. 124 (1986) 376.
16. P. L. Polavarapu, J. Phys. Chem. 94 (1990) 8106.
17. G. W. Chantry, The Raman Effect, Vol. 1, Chap. 2 (A. Anderson Ed.) 
 Marcel Dekker Inc., New York, NY (1971).
18. C. Reid, J. Chem. Phys. 18 (1950) 1544.
19. J. Goubeau, Chem. Ber. 68 (1935) 912.
20. R. N. Dixon, G.  H. Kirby, Trans. Faraday Soc. 64 (1968) 2002.



77

21. P. Botschwina, E. Nachbaur, B. M. Rode, Chem. Phys. Lett. 41 (1976) 
 486.
22. B. M. Rode, W. Kosmus, E. Nachbaur, Chem. Phys. Lett. 17 (1972) 
 186; Z. Zaturforsch. 29a (1974) 650.
23. W. H. Hocking, M. C. L. Gerry, G. Winnewisser, Can. J. Phys. 53 
 (1975) 1869.
24. S. S. Brown, H. L. Berghout, F. F. Crim, J. Chem. Phys. 107 (1997) 
 9764
25. K. Gholivand, H. Willner, D. Bielefeldt, A. Haas, Z. Naturforsch. 39b 
 (1984) 1211.
26. J. Jacobs, B. Jülicher, G. Schatte, H. Willner, H.-G. Mack, Chem. Ber. 
 126 (1993) 2167.
27. D. Christen, H. Oberhammer, R. M. Hammaker, S. Chang, and D. D. 
 DesMarteau, J. Am. Chem. Soc., 104 6186, (1982).
28. David R. Lide, Jr, Journal of Chemical Physics 38, 456, (1963).
29. L. Pierce, R.G. Hayes, J.F. Beecher, J. Chem. Phys. 46 (1967) 4352.
30. T. C. Devore, J. Mol. Struct. 162 (1987) 287.
31. W. H. Hocking, M. C. L. Gerry, J. Mol. Spectrosc. 42 (1972) 547.
32. W. H. Hocking, M. L. Williams, M.C.L. Gerry, J. Mol. Spectrosc. 58 
 (1975) 250.
33. W. Gottardi, Angew. Chem. Int. Ed. Engl., 10 (1971) 416.
34. W. Gottardi, Monatsh. Chem. 103 (1972) 1150.
35. M. Gerke, G. Schatte, H. Willner, J. Mol. Spectrosc. 135 (1989) 359.
36. H. M. Jemson, W. Lewis-Bevan, N. P. C. Westwood, M. C. L. Gerry, 
 Chem. Phys. Lett. 108 (1984) 496; J. Mol. Spectrosc. 118 (1986) 
 481.
37. K. D. Hensel, M. E. Lam, M. C. L. Gerry, J. Mol. Spectrosc. 151 (1992) 
 184.
38. M. H. Palmer, A. D.  Nelson, J. Mol. Struct. 660 (2003) 49.

ZHOU/XNCO MOLECULES


