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The nuclear shielding constants in OCS are studied using ab
initio theoretical methods and gas-phase NMR measurements.
The shielding surfaces are calculated and the rovibrational effects
and the resulting temperature dependence are analyzed. The tem-
perature dependence of 13C shielding in the gas phase is deter-
mined experimentally in the range 278–373 K. 13C is the single
nucleus for which the experimental data for the temperature
dependence can be converted to a reference-independent scale,
and good agreement of the measured and calculated ab initio
results is observed. For 33S, we discuss a new, more accurate
absolute shielding scale. © 1998 Academic Press
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I. INTRODUCTION

The NMR spectrum of a molecule and the values of the
parameters in the corresponding effective spin Hamiltonian
depend on the temperature and on the interaction of this mol-
ecule with the environment. Ultimately, the comparison of
accurate theoretical calculations with experimental results
should take into account both these contributions. This is
particularly important when accurate ab initio values are com-
pared with precise measurements of the shielding constants as
functions of density and temperature.

In this work we discuss rovibrational averaging and temper-
ature dependence of oxygen, carbon, and sulfur nuclear shield-
ing constants of the OCS molecule. For13C shielding, we
compare our ab initio results with NMR data from our exper-
iments performed in the gas phase. These new experimental
values are derived by extrapolation to the limit of zero density
and are therefore completely free from intermolecular effects.
The 13C magnetic shielding of the experimental reference—
methane—as the absolute function of temperature has been
studied in theory and experiment (1, 2) and referring to these
results we may determine also the absolute temperature depen-
dence of13C shielding for an isolated OCS molecule with the
highest currently possible precision. Unfortunately, corre-
sponding reference functions do not exist for the17O and33S
NMR shielding.

Earlier experimental and theoretical results are used for

comparison with our present data. References (3, 4) report the
experimental NMR chemical shift for the17O nucleus in OCS
in the gas and liquid phases, while Refs. (5, 6) contain the
corresponding gas-phase data for13C. Solid-state data on the
13C shielding tensor were presented in Ref. (7). On the con-
trary, 33S continues to be a major challenge to NMR experi-
mentalists, due to its large nuclear quadrupole coupling con-
stant (NQCC). The33S shielding constant was estimated from
an experimental spin–rotation constant and a model for dia-
magnetic shielding in Ref. (8). Reference (9), on the other
hand, reported ab initio calculations of the diamagnetic shield-
ings and combined the results with experimental spin–rotation
data to obtain both13C and 33S shielding tensors. A few
theoretical investigations of the OCS shielding tensors at the
coupled Hartree–Fock level have been described (7, 10–12).
More recently, the IGLO method has been used at the SCF and
multiconfiguration SCF (MCSCF) level (13) and significant
correlation corrections were observed. Reference (4) describes
a correlated calculation of the17O shielding, performed at the
coupled-cluster singles and doubles (CCSD) level.

We also report the17O and33S nuclear quadrupole coupling
constants for OCS. Calculations of the electric field gradients
at the nuclei were previously presented in Refs. (11, 14), and
microwave spectroscopic experiments for the17O and 33S
NQCCs were described in Ref. (15).

II. GENERAL THEORY

A. Electronic Wavefunctions

For electron-rich molecules like OCS, with multiple bonds
and lone pairs, at least the main correlation effects must be
included in the calculation of the shielding constants, as the
Hartree–Fock results are not sufficiently accurate (see, e.g.,
(16)). Various ab initio methods that describe correlation ef-
fects in such calculations have been developed. Since the
perturbation considered is the external magnetic field, it was
necessary to ensure simultaneously gauge invariance of the
results. A formulation which permits the application of gauge
including atomic orbitals (GIAOs) (17) for any correlated
wavefunction has been described (18). The second-order
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Møller–Plesset perturbation scheme (MP2) (19, 20) is, simi-
larly to the restricted Hartree–Fock (RHF) method, a conve-
nient black-box approach. However, it is based on the single-
determinant HF reference state and hence, just like the RHF
itself, is not the optimal choice for studies of the geometry
dependence of properties. Moreover, MP2 very often overes-
timates the correlation corrections for the shielding constants
(21). Reliable results for shielding constants are obtained in the
more advanced CCSD and CCSD(T) approaches (22–24).
However, these methods are computationally expensive, in
particular the more accurate CCSD(T) approach, and thus
difficult to apply when the results are needed for numerous
molecular geometries (for a study of diatomics, see Ref. (25)).

A compromise method, which describes well the potential
energy surface in the neighborhood of the equilibrium and
properties like the shielding constants, is to use an MCSCF
function which takes into account the dominant correlation
effects. In our calculations the shielding constants are deter-
mined applying MCSCF linear response theory; a detailed
description of the response equations for the MCSCF approx-
imation has been given in Ref. (26). An efficient scheme which
combines the use of GIAOs and the MCSCF response ap-
proach in NMR shielding calculations has been developed; see,
e.g., Ref. (27). We refer to these works for a presentation of the
theory and its implementation in the Dalton program (28),
which we have applied.

Various MCSCF wavefunctions were used in this work to
study equilibrium geometries and shielding constants at the
calculated equilibria. They are complete and restricted active
space (CASSCF and RASSCF) wavefunctions differing in the
choice of atomic basis set and MCSCF active space. For the
property surfaces, we shall describe only the results obtained
with two basis sets. Both of them are derived from the basis
sets of Huzinaga (29, 30) (also called IGLO basis sets (31)) and
have been successfully used in studies of NMR shielding
constants (27, 32). The first basis of 114 CGTOs, called H III,
is built from a [11s7p2d/7s6p2d] set for the carbon and
oxygen atoms, and a [12s8p3d/8s7p3d] set for sulfur. The
next, H IV, includes a [11s7p3d1f/8s7p3d1f ] set of atomic
orbitals for C and O and a [12s8p4d2f/9s8p4d2f ] set for the
S atom, with a total of 169 orbitals.

To describe the MCSCF wavefunctions, we useC2v sym-
metry and specify the orbital subspaces forA1, B1, B2, andA2

symmetries, respectively. The SCF function has a (9, 3, 3, 0)
occupation. In the three functions chosen to examine the prop-
erty surfaces the core (5, 1, 1, 0) subspace is treated as inactive.
The first two functions, called hereafter WF1 and WF2, include
all the valence orbitals constructed primarily from atomics and
p shells in the active space. They are CASSCF functions with
(6, 3, 3, 0) active orbitals, and approximately 60,000 determi-
nants in the CI expansion. In this active space, the static
correlation effects should be properly described; in particular
the most important unoccupied antibondingp* orbitals are
treated on the same footing as the occupied orbitals. Different

basis sets were used: H III for WF1 and H IV for WF2; thus we
can estimate the convergence with the basis set comparing the
relevant results. The third function, WF3, is a RASSCF wave-
function, including (5, 3, 3, 0) orbitals in the RAS2 subspace
(with arbitrary occupation) and (2, 1, 1, 1) orbitals in the RAS3
subspace with a maximum of two electrons. These additional
active orbitals affect mainly the description of the shielding of
sulfur, having a large contribution of S atom 3d orbitals. Basis
H IV was used in this calculation; hence WF2 and WF3 differ
only in the description of correlation effects. The CI expansion
for the WF3 function includes over 1,200,000 determinants for
C2v symmetry. For a nonlinear geometry, the number of de-
terminants is approximately twice the number we have in the
linear geometry wavefunction.

In addition to these three functions chosen to analyze the
property surfaces, we have optimized the geometry for a num-
ber of other functions and considered the shielding at their
equilibrium geometries. One wavefunction differed from WF2
in the basis set—we uncontracted all thes-type functions and
added a set of tights andp orbitals at the S atom. In another
calculation, we used the H IV basis but allowed for electron
excitations from three more “inner” (essentially core-type)
orbitals. Both these changes have negligible effect on the
equilibrium geometry and harmonic frequencies; also all the
shielding constants at the respective equilibria differ by less
than 1 ppm from the WF2 values. Larger changes of the results
have been observed when we extended the active space to
include more “outer” (diffuse) orbitals—but none of the other
wavefunctions gave any systematic improvement of the prop-
erties we consider important for this study, that is, the geom-
etries, force constants, and shielding constants. It appears that
including more dynamic correlation is more important for other
properties, e.g., the dipole moment.

Hence, we have finally selected only the three discussed
functions for the property surface calculations. The first two
functions differ only in the choice of the basis set, and the last
includes more orbitals in the active space.

B. Rovibrational Averaging

The temperature dependence of an observablea can be
described considering the rovibrational corrections to the equi-
librium value,ae. In the case of polyatomic molecules this can
be done by averaging the Taylor series expansion ofa in terms
of the curvilinear internal displacement coordinates {Ri}, i.e.,
displacements of the bond lengths and angles from the equi-
librium geometry, as described in Ref. (16). For OCS we have
{ Ri} 5 { Dr , Dr 9, Df, Df9}, and

^a&T < ae 1 ar^Dr &T 1 ar 9^Dr 9&T

1 1
2

arr ^~Dr !2&T 1
1
2

ar 9r 9^~Dr 9!2&T

1 arr 9^DrDr 9&T 1 aff^~Df!2&T, [1]
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where Dr and Dr 9 refer to displacements in the O|C and
C|S bond lengths, respectively;Df is the bond angle; and
angular bracketŝ&T denote thermal average at the temperature
T in question. There are two independent bending coordinates
Df andDf9 but aff 5 af9f9 and for their averages,^(Df)2&T

5 ^(Df9)2&T. The derivativesai 5 (­a/­Ri)e and aij 5
(­2a/­Ri­Rj)e are independent of temperature and atomic
masses within the Born–Oppenheimer approximation. Numer-
ical experience indicates that the third and higher order terms
omitted from Eq. [1] can be neglected (33).

The average linear and quadratic internal coordinates can be
calculated from the cubic anharmonic force field of the mole-
cule, i.e., the harmonic (second order) and third order force
constants appearing in the expression

V < 1
2

frr ~Dr !2 1
1
2

fr 9r 9 ~Dr 9!2 1 frr 9DrDr 9

1 1
2

fff@~Df!2 1 ~Df9!2#

1 1
6

frrr ~Dr !3 1
1
6

fr 9r 9r 9 ~Dr 9!3

1 1
2

frrr 9~Dr !2Dr 9 1
1
2

frr 9r 9Dr ~Dr 9!2

1 1
2

frff@Dr ~Df!2 1 Dr ~Df9!2#

1 1
2

fr 9ff@Dr 9 ~Df!2 1 Dr 9 ~Df9!2#, [2]

valid for a linear triatomic molecule. In terms of the rectilinear
mass-dependent normal coordinatesQk, the averages required
in Eq. [1] can be approximated as

^Ri&
T < O

k

Li
k^Qk&

T 1
1

2 O
k

Li
kk^Qk

2&T

^RiRj&
T < O

k

Li
kLj

k^Qk
2&T, [3]

whereRi is Dr , Dr 9, Df, or Df9 andLi
k andLi

kk are so-called
L tensor elements (34). ^Qk&

T and^Qk
2&T are obtained using the

known approximation of Toyamaet al.(35), as implemented in
the AVIBR program (36). ^Qk

2&T are computed from the zeroth
order wavefunctions of the harmonic oscillators, i.e., over the
harmonic vibrations of the molecule:^Qk

2&T 5 ^Qk
2&vib

T . For the
calculation of^Qk&

T, the first order rovibrational wavefunc-
tions perturbed by the cubic anharmonic terms of the vibra-
tional potential energy and by the linear terms of the vibration–
rotation interaction are used. Consequently,^Qk&

T 5 ^Qk&vib
T

1 ^Qk&rot
T (and, e.g.,̂ Dr &T 5 ^Dr &vib

T 1 ^Dr &rot
T ), where the

“rot” term comes from centrifugal distortion. Although the
latter contribution tô a&T is usually small at any givenT, the
effect on the temperature dependence of the observable may be
significant (16, 37); therefore it cannot be neglected.

For each of the electronic wavefunctions applied in this
work, the geometry has been optimized and the potential
energy and molecular property surfaces (nuclear shielding and
its anisotropy for each nucleus, and quadrupole coupling con-
stants for O and S) were determined from a set calculations
performed for 18 distinct geometries of the molecule. These
correspond to the optimized equilibrium plus 10 linear and 7
bent geometries, defined in terms of theRi (thus different
Cartesian geometries are selected for each wavefunction). The
property derivativesar, ar 9, etc., were least-squares fitted to a
full third order Taylor series expression around the equilibrium
geometry, whereas in the case of the potential energy, also the
three all-diagonal fourth order force constants (frrrr , fr 9r 9r 9r 9,
and fffff) were included in the fit. The points used in the fit
were chosen to reside within62 (^Ri

2&300 K)1/2 of the equilib-
rium geometry. The property averaging was performed using
Eq. [1], i.e., the full second order expression, where the aver-
ages of the internal coordinates were calculated using the full
third order expression of the intramolecular potential energy
(Eq. [2]).

III. EXPERIMENTAL

The NMR signal for a molecule, even in the gas phase, is
affected by intermolecular effects and by rovibrational motion.
Both contributions are temperature dependent, so the nuclear
shielding may be written as an expansion in powers of density
(38),

s~T, r! 5 s0~T! 1 s1~T!r 1 s2~T!r2 1 · · · , [4]

wherer is the density of the gas,s0(T) is the temperature-
dependent shielding in the limit of zero pressure, ands1(T) is
a measure of the effects on nuclear shielding due to binary
collisions. The higher order terms, starting froms2(T), are
negligible for low-density samples. The effects of vibrational
averaging and centrifugal distortion on the nuclear shielding in
an isolated molecule are described bys0(T), and this is what
we compare with the ab initio results.

It is well known that the most precise measurements of
NMR chemical shifts can be obtained when the magnetic field
is stabilized by the lock system. It allows removing all the
instrumental sources of resonance frequency changes but in-
corporates the temperature dependence of lock and reference
signals into the final results (39). We shall assume here that the
absolute temperature dependence of13C shielding in methane
is known with sufficient accuracy from the work of Rayneset
al. (1) and the CH4 signal can serve as the temperature refer-
ence standard. Test CASSCF calculations using a large GIAO
basis set confirm that for CH4 the terms depending on the
symmetric stretch are well described in the SCF approxima-
tion.

Natural abundance13C NMR spectra were obtained at
125.88 MHz in a Varian UNITYplus-500 FT NMR spectrom-
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eter in sealed 4-mm-o.d. glass tubes about 5 cm long and
containing pure carbonyl sulfide (OCS) or methane (CH4) at
low densities (pressure 1–9 atm). All gas samples were pre-
pared by the condensation of pure gases (Aldrich) from the
calibrated part of a vacuum line. The volumes of sample tubes
and the vacuum line were measured using mercury. The gas
samples were fitted into the standard 5-mm-o.d. thin-walled
NMR tubes (Wilmad 528-PP) with liquid toluene-d8 in the
annular space. The CD3 group in toluene-d8 was used for the
lock system. The13C chemical shifts were measured relative to
the fixed frequency of a TMS signal. The spectra of methane
were recorded using the broadband-decoupled INEPT (insen-
sitive nuclei enhancement by population transfer) experiments
(40) which were optimized in order to minimize temperature
effects in the samples. The temperature was stable within
60.5° during all the measurements, as verified with the stan-
dard samples of methanol and ethylene glycol. A single13C
spectrum had a spectral window of 1400 Hz and a resolution of
at least 0.2 Hz/point and required an accumulation time from 5
min to a few hours. Some peaks of the spectra were fitted to
Lorentzians for more precise measurements of chemical shifts
in the low-density samples. Usually six samples of various
density were measured at each temperature in order to extrap-
olate accurately the results to zero density.

IV. RESULTS AND DISCUSSION

A. Energy

As a first step in the discussion of the results we present a
comparison of our potential with other theoretical and experi-
mental data. The values characterizing the optimized equilib-
rium—internuclear distances and harmonic frequencies—are
shown in Table 1. Generally, the agreement with experiment
increases from WF1 to WF2 to WF3, and all parameters, apart
from the harmonic bending frequency,v2, are within 0.5% of
the experiment at the final WF3 level (with WF1 and WF2
better values ofv2 were obtained than with WF3). The accu-
racy of WF3 results other thanv2 is comparable with
CCSD(T)/cc-pVQZ numbers (41, 42). We have performed the
calculation of the shielding surfaces for three functions, WF1,

WF2, and WF3; thus we may estimate the relationship between
the differences in the potential and the differences in the
rovibrational effects on the shielding.

Table 2 displays the theoretical and experimental anhar-
monic force field parameters. Our results are in much better
agreement with CCSD(T)/cc-pVQZ than with experimental
data, particularly for the cubic (and included quartic) constants.
This reflects, most likely, the technique of the fitting (number
and type of constants included) and the larger experimental
uncertainty in these parameters as compared to the harmonic
force field (42). The difference between the values ofv2 from
WF3 and experiment is also noticeable in the results for the
corresponding force constant,fff.

In addition, the quality of our basis set is confirmed by a
comparison with two CCSD(T) calculations, of Refs. (41, 42).
Our WF3 results shown in Table 2 agree better with the more
recent larger basis set cc-pVQZ results than with the previous
cc-pVTZ values for all but one (fr9ff) parameter of the force field.

To summarize, both the basis set and the active space of the
WF3 function appear to be sufficiently large for our purposes.
The geometry and force field parameters agree well with ex-
perimental and most accurate ab initio values. The changes of
the calculated parameters between the more approximate WF1
and WF2 and the WF3 wavefunction are not very large, and
primarily related tor 9 5 rCS, in agreement with the character
of the added active space orbitals.

We conclude this section recalling that our primary goal is
an investigation of temperature dependence of the shielding
constants. Thus, in principle we can combine a potential taken
from any source with any calculated property surface. Since
our own potentials are accurate enough, it is obviously more
consistent to use for each computed property surface the po-
tential obtained with the corresponding wavefunction, and this
is how all our results for the shielding discussed below were
obtained. We have verified in a test calculation that using
instead of the WF1 potential another one, derived from the
CCSD(T)/cc-pVTZ calculation (41), has a minimal effect on
the rovibrationally averaged shieldings calculated with the
WF1 shielding derivatives (the difference at 300 K is 0.1 ppm
for O, 0.03 ppm for C, and 0.3 ppm for S).

TABLE 1
Equilibrium Geometry and Harmonic Vibration Frequencies of OCSa

WF1 WF2 WF3 CCSD(T) Exptb

r 5 rCO 1.1575 1.1583 1.1579 1.1583 1.1554 1.1562
r 9 5 rCS 1.5844 1.5795 1.5694 1.5690 1.5620 1.5614
v1 842.50 850.02 871.89 871.7 875.7 875.3
v2 520.61 528.20 550.75 523.8 523.6 524.4
v3 2082.50 2088.62 2091.84 2094.5 2092.5 2093.7

a R in Å and v (for the isotopomer16O|12C|32S) in cm21. CCSD(T) data taken from (41, 42).
b Experimental data from Ref. (47) (left column) and Ref. (48) (right column).
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B. Shielding—Absolute Values and Anisotropies

The shielding constants and anisotropies obtained using the
present reference wavefunctions at their respective equilibrium
geometries are listed in Table 3. All the results of a recent
CCSD calculation (4) are also shown in Table 3. For compar-
ison, we give also the SCF and MP2 shielding constants
obtained with the same basis set and at the same geometry as
the quoted CCSD values: SCF:s(O) 5 79.83,s(C) 5 13.23,
s(S) 5 790.08 ppm; and MP2:s(O) 5 118.94,s(C) 5 47.36,
s(S) 5 827.44 ppm. Thus, MP2 overestimates significantly all

the correlation corrections with respect to the more accurate
CCSD method, in agreement with the usual trends.

From the small (below 1 ppm) differences between our WF1
and WF2 results it may be concluded that even the smaller of
the two basis sets is already converged. These two functions
are similar to the functions used by van Wu¨llen and Kutzelnigg
(13, 43) in their MCSCF-IGLO calculations. The results are
also similar; for example,s(O) 5 105.91,s(C) 5 40.06, and
s(S)5 822.67 ppm for basis H IV in Ref. (43); the differences
arise since we optimize the geometry and apply GIAOs. WF3

TABLE 2
Anharmonic Force Field of OCSa

WF1 WF2 WF3 CCSD(T) Expt Units

frr 16.27 16.29 16.25 16.12 16.01 aJ/Å2

fr 9r 9 6.82 6.94 7.34 7.41 7.51 aJ/Å2

frr 9 1.06 1.05 1.12 1.01 0.99 aJ/Å2

fff 0.65 0.67 0.72 0.66 0.65 aJ/rad2

frrr 2115.52 2114.23 2113.02 2113.19 295.20 aJ/Å3

fr 9r 9r 9 240.17 241.18 243.24 243.36 246.50 aJ/Å3

frrr 9 22.77 22.81 22.97 22.67 23.47 aJ/Å3

frr 9r 9 21.24 21.13 21.62 21.17 0.64 aJ/Å3

frff 20.87 20.81 20.83 20.82 23.09 aJ/(Å rad2)
fr 9ff 20.98 21.08 21.03 20.96 20.31 aJ/(Å rad2)
frrrr 670.49 666.47 794.65 669.24 317.10 aJ/Å4

fr 9r 9r 9r 9 193.53 207.05 213.68 192.97 205.20 aJ/Å4

fffff 1.89 1.24 1.00 1.17 2.16 aJ/rad4

a Experimental data taken from Ref. (47) and CCSD(T)/cc-pVQZ from (42).

TABLE 3
Shielding Constants and Anisotropies at the Equilibrium Geometry and with Rovibrational Averaginga

CCSDc

At equilibrium geometry Rovibrationally
averagedb

WF3 ExptWF1 WF2 WF3

s(O) 103.42 98.15 98.14 105.42 98.77 916 3,d 86 6 3,e 88.1c

s(C) 34.06 38.30 37.72 35.06 33.26 30.06 1.3,f 31.2,g 35.16 3h

s(S) 806.64 809.27 808.92 822.32 809.05 8436 12,i 817 6 12j

Ds(O) 467.76 474.75 474.40 463.94 473.72
Ds(C) 381.52 374.37 374.95 378.95 380.71 383.3,g 365 6 3h

Ds(S) 382.24 378.94 379.15 359.44 374.73 3296 18g

a Shieldings and anisotropies in ppm. The nuclear shielding anisotropy is defined asDs 5 szz 2 1

2
(sxx 1 syy), with the molecule aligned along thez axis.

For the equilibrium geometries, see Table 1.
b Rovibrational averaging performed atT 5 303 K. The isotopomers17O|12C|32S, 16O|13C|32S, and16O|12C|33S were considered for O, C, and

S shielding tensors.
c Results from Ref. (4). The experimental shielding in solution; the chemical shift with respect to CO converted to absolute shielding of oxygen using

s300 K (CO) 5 259.36 2 ppm (44).
d Gas-phase measurement (3). Converted to absolute scale as in footnotec. Similarly, 90.9 in Ref. (4).
e As footnoted but in solution (3).
f Gas-phase result from Ref. (6).
g Ref. (9). A combination of experimental spin–rotation constant and theoretical diamagnetic shielding.
h Low-temperature solid-state measurement (7) with respect to TMS reference (sC (TMS) 5 188.1 ppm (6)).
i Ref. (8). A combination of experimental spin–rotation constant and estimated diamagnetic shielding.
j See text. A combination of experimental spin–rotation constant and calculated diamagnetic shielding.
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brings the C and O shielding constants (and anisotropies, see
below) close to the CCSD results, whiles(S) moves slightly
away from the CCSD value.

The gas-phase experiment by Wasylishenet al. (3) resulted
in s(O) 5 91 6 3 ppm (using the oxygen shielding scale from
a recent CCSD(T) calculation (44)), whereas our rovibra-
tionally averaged value lies approximately 8 ppm above this
value.

Apparently, we similarly slightly overestimate the carbon
shielding constant; compare our rovibrationally averaged 33.26
ppm (WF3) with 30.0 or 31.2 ppm derived from gas-phase
experimental data (6, 9). The low-temperature solid-state mea-
surement (7) gives a larger shielding constant than that ob-
served in the gas phase; the medium effect is of opposite sign
than usually.

The quoted experimental value fors(S), 8436 12 ppm (8),
is larger than our present result. However, this value was
obtained with a crude estimate of the diamagnetic contribution.
Using the same spin–rotation value as Wasylishenet al., but
our own diamagnetic contribution, we obtain 8176 12 ppm
(WF3, the differences with other wavefunctions are below 0.5
ppm). This should be—as the diamagnetic contribution is, in
contrast to Ref. (8), calculated, not estimated—a more accurate
value of absolute33S shielding in OCS, which might be used to
set the shielding scale. In addition, this result confirms the
accuracy of our calculations; the total value of the shielding is
in good agreement with the results in Table 3.

The nuclear shielding tensor of a linear molecule is com-
pletely determined by the shielding constant and its anisotropy,
Ds 5 szz2 1

2
(sxx 1 syy), wherez is the symmetry axis. The

equilibrium and rovibrationally corrected (at 303 K) values of
the O, C, and S anisotropies are listed in Table 3. To our
knowledge, there is no experimental result for the17O shield-
ing anisotropy in OCS. The low-temperature Ar matrix isola-
tion experiment (7) for 13C resulted inDs(C) 5 3656 3 ppm,
significantly below the gas-phase result of 383.3 ppm (9). Our
calculations are in good agreement with the latter experiment.
For S our result, 374.7 ppm, is larger than an early estimate
based on spin–rotation and theoretical data (9).

C. Shielding—Temperature Dependence

The derivatives of the shielding constants with respect to the
internal coordinates, used in the rovibrational averaging, are
given in Table 4. Figures 1, 2, and 3 display the total rovibra-
tional contribution to the shielding constant of O, C, and S,
respectively. It may be seen from the figures that although the
differences between the equilibrium values (assumed to define
zero for the scale of the figures) and 170 K are significant, the
change in the range 170–420 K is much smaller and fairly
similar for all the approximations. This indicates that the
contribution of the zero-point vibrational motion is large in
comparison to the part arising from vibrational excitations at
this temperature range. The magnitude of the shielding deriv-

TABLE 4
Derivatives of Nuclear Shielding in OCS with Respect to Internal Coordinates

Oxygen Carbon Sulfur

UnitsWF1 WF2 WF3 WF1 WF2 WF3 WF1 WF2 WF3

sr 2381.7 2383.7 2351.6 2173.8 2172.1 2187.8 2756.8 2752.0 2761.5 ppm/Å
sr 9 2366.4 2365.8 2361.6 292.3 293.5 282.9 2655.1 2635.9 2566.5 ppm/Å
srr 21510.4 21506.4 21412.2 2165.1 2171.5 2273.6 2618.0 2574.7 2528.0 ppm/Å2

sr 9r 9 2139.6 2145.2 2135.4 2189.2 2180.8 2179.9 24614.8 24462.2 24140.5 ppm/Å2

srr 9 2800.2 2790.1 2780.4 2180.8 2180.2 2188.8 2237.5 2248.0 2101.5 ppm/Å2

sff 2246.8 2247.8 2261.8 216.3 217.2 225.6 2572.7 2551.2 2321.8 ppm/rad2

FIG. 1. Rovibrational contribution to the oxygen nuclear shielding con-
stant in OCS as a function of temperature. Isotopomer17O|12C|32S.
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atives and, consequently, that of the rovibrational contribution
to shielding reflects the chemical shift range of the element in
question. WF1 and WF2 give essentially identical results,
while WF3 deviates slightly from them, particularly for S.

The contributions of the different terms in the full second
order expansion of shieldings, Eq. [1], largely parallel those
found for CSe2 (16). Looking at the situation at 303 K, for
instance, for oxygen the two first order terms (withsr andsr 9)
each contribute slightly below one-third of the total rovibra-
tional shielding, while approximately one-third comes from
bending, i.e., a second order term. Bending is also very impor-
tant for the other terminal atom, S, but here also another second
order term,1

2
sr 9r 9^(Dr 9)2&303 K, gives a large contribution of a

quarter of the total [̂s(S)&303 K 2 se(S)]. This is due to the
largesr 9r 9 derivative for S (see Table 4). The first order terms
yield only half of the total rovibrational correction. For the
central carbon atom the bending mode is not very important,
and the first order terms dominate: half of [^s(C)&303 K 2
se(C)] arises due to the change of the C|O bond length, while
approximately one-quarter comes from the other bond. This is
due not only to the relatively large vibration amplitude of the
bond involving the lighter terminal atom O, but also to the fact
that the derivativesr (C) is more than twice as large assr 9 (C).
The centrifugal termssr^Dr &rot

303 K andsr 9^Dr 9&rot
303 K contribute

around 2% or less to the total correction.
Turning to the contributions of the various terms in the

temperature evolutionof shieldings between 170 and 420 K,

we note that the second order bending terms are even more
important than in the case of a fixed temperature. Indeed, this
contribution amounts to about half of the total temperature
evolution for the terminal atoms and one-third for the central C
atom. On the contrary, the other second order terms give small
contributions. The excitation energies of the bending modes
are (as usual) lower than those for the stretching modes, as seen
from the harmonic frequencies in Table 1. The first order
vibrational terms display an asymmetry so that the term in-
volving the C|S bond (r 9) is always far more important the
other one, reflecting an approximately three times largerrela-
tive increaseof ^Dr 9&T than^Dr &T over the temperature range
in question. And finally, the centrifugal terms are not negligi-
ble; they contribute up to 12% to the total temperature evolu-
tion.

D. 13C Shielding—Temperature Dependence and
Experimental Results

Following the approach described in Section III, we have
performed all the density and temperature measurements
(278–373 K) for gaseous OCS and CH4. It enabled us to
determine the13C magnetic shielding for each molecule ex-
trapolated to zero density. The values ofs0(T) as functions of
temperature are shown in Fig. 4 (curves (a) and (b)). These
results describe the temperature dependence of isolated mole-
cules, but still contain the unknown lock and reference contri-

FIG. 3. Rovibrational contribution to the sulfur nuclear shielding constant
in OCS as a function of temperature. Isotopomer16O|12C|33S.

FIG. 2. Rovibrational contribution to the carbon nuclear shielding con-
stant in OCS as a function of temperature. Isotopomer16O|13C|32S.
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butions. These two factors were strictly the same for both CH4

and OCS in our experiments. The13C shielding of OCS de-
creases with temperature when it is measured relative to CH4,
as shown by curve (c) in Fig. 4. The absolute temperature
dependence of13C magnetic shielding in OCS is determined in
the next step when the correction for the temperature depen-
dence of shielding in CH4 obtained by Rayneset al. (1) is
included (curve (d) in Fig. 4). The final result can be expressed
(in ppm) using the notation adopted by Jamesonet al. (45) as

^s0&
T 2 ^s0&

300 5 27.743 1023~T 2 300!

2 5.473 1026~T 2 300!2 [5]

and it gives the absolute temperature dependence of13C mag-
netic shielding in an isolated OCS molecule. Figure 5 shows
this function and the theoretically calculated temperature de-
pendence. In the range of temperature investigated (278–373
K) the 13C shielding of OCS is diminished by20.1046 0.005
ppm, while the best ab initio calculation gives20.105 ppm for
the same range of temperature.

The excellent agreement of the experimental results with the
ab initio values confirms the accuracy of the calculations for
both molecules—OCS in this work and CH4 in (1). It indicates

also that even if we have not reached convergence of the
calculated shielding constants with the basis set and correlation
corrections, this does not affect the rovibrational effects. The
remaining errors are apparently largely independent of the
geometry; thus for each property surface further improvement
of the calculation would affect mainly the point of reference
(i.e., the equilibrium value).

We recall that the knowledge of the property surfaces en-
ables also an estimate of all the isotope shifts. For example, at
300 K we find (WF3) for the change of carbon shielding on
oxygen substitution1D13C (17/16O) 5 216 ppb, and similarly
1D13C (18/16O) 5 231 ppb, where we have used the standard
notation for the isotope shift.

E. Quadrupole Coupling

We have also computed the equilibrium and rovibrationally
averaged17O and33S nuclear quadrupole coupling constants,
x(17O) andx(33S). In this analysis of17O and33S quadrupole
couplings,17O|12C|32S and16O|12C|33S isotopomers
at 303 K were considered. For WF3, the results arex(17O),
21.089 and21.084 MHz (rovibrationally averaged), and for
x(33S), 231.76 and231.46 MHz, respectively. The nuclear
quadrupole moments used for17O and33S are225.583 10231

and267.803 10231 m2, respectively (46). We can compare
our results with other data: for17O, calculated21.63 MHz (14)
and experimental21.32(14) MHz (15). For 33S the calculated
value is 229.91 MHz (14) and the experimental one is
229.118(1) MHz (15). We note, however, that our calculated
electric field gradient for33S, 21.99344 a.u., is in very good
agreement with the value of Ref. (14), 21.9888 a.u.; thus the
above disagreement inx(33S) is due only to the use of a
different nuclear quadrupole moment than in Ref. (14). For17O
the corresponding electric field gradients are20.18121 and
20.2690 a.u. We find that our values ofx(17O) strongly
depend on the basis set and MCSCF active space, whereas
most of the values forx(33S) are close to the discussed WF3
result.

V. CONCLUSIONS

We have calculated in a fully ab initio approach the rovi-
brational effects on the shielding constants of all the nuclei in
OCS. The accuracy of the calculated force field is confirmed by
a comparison of our results with other theoretical and experi-
mental data. Three different correlated wavefunctions were
used for the shielding surfaces; thus we have an estimate of the
role of the approximations in the theory. The shielding con-
stants at the equilibrium geometry compare well with other
results obtained applying correlated wavefunctions. The calcu-
lated rovibrational effects are applied to determine the temper-
ature dependence of shielding constants, which may be directly
compared with experiment. Apparently, the calculation of the
relatively large difference between the shieldings at equilib-

FIG. 4. Temperature dependence of13C magnetic shielding at the limit of
zero density,s0(T): (a) for CH4 when toluene-d8 is used for the lock and TMS
frequency as the reference; (b) for OCS under the same experimental condi-
tions; (c) for OCS measured relative to CH4 ((b) 2 (a)); (d) for OCS as the
absolute temperature dependence.
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rium geometry and averaged for the lowest rovibrational level
requires an accurate wavefunction. However, the much smaller
relative changes in the experimentally accessible range of
temperature are easier to compute and all our wavefunctions
give practically the same results.

We present new and very accurate experimental data for the
temperature dependence of13C shielding. The measured and
calculated temperature dependence of13C shielding are in very
good agreement. For the other nuclei, there is no reference stan-
dard, so in experiment we cannot establish the absolute tempera-
ture dependence in the same way. The accuracy of the ab initio
results for carbon suggests that our calculated data for the tem-
perature dependence of17O and33S shielding constants should be
reliable, as also indicated by the similarity of the results obtained
in all the three calculations performed. Therefore, these ab initio
results could be applied as temperature reference functions for17O
and 33S NMR measurements. For33S shielding, we have in
addition calculated the diamagnetic contribution. Combined with
the known experimental spin–rotation constant, it provides an
accurate value of absolute33S shielding in gas-phase OCS.
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