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Abstract: Rovibrational corrections, temperature dependence, and secondary isotope shifts of the 13C
nuclear shielding in CX; (X = O, S, Se, Te) are calculated taking into account the relativistic spin—orbit
(SO) interaction. The SO effect is considered for the first time for the secondary isotope shifts. The nuclear
shielding hypersurface in terms of nuclear displacements is calculated by using a density-functional theory
method. Ab initio multiconfiguration self-consistent field calculations are done at the equilibrium geometry
for comparison. *3C NMR measurements are carried out for CS,. The calculated results are compared
with both present and earlier experimental data on CO,, CS,, and CSe,. The heavy-atom SO effects on
the rovibrational corrections of 13C shielding are shown to be significant. For CSe, and CTe,, reliable
prediction of secondary isotope effects and their temperature dependence requires the inclusion of the SO
corrections. In particular, earlier discrepancies of theory and experiment for CSe, are fully resolved by
taking the SO interactions into account.

1. Introduction of the nucleus & This implies positive one-bond isotope shifts,

M’ _ M H [ B
The molecular electronic properties accessible to NMR [oa("X) 0~ [Ga(MX)Lwith M" > M, whereM andM'" are the

spectroscopy are thermal averages over the rovibrational motion@sS numbers of the different isotopes of the neighboring
of the nuclei. Parameters such as nuclear shieldings (corre-nucleus X.

sponding to observable chemical shifts) contain information =~ NMR parameters are quite sensitive to relativistic effects in
about the zero-point vibrations, the effect of temperature, and Systems containing heavy atoms. This is due to the contributions
the different nuclear isotopés? Isotope effects may be  arising from the heavy-atom core regions where the velocity of
classified into two categories. The primary isotope effect on the electrons is highThe dominating relativistic effect on the
the nuclear shielding is the change due to isotopic substitution shielding of light nuclei, the spirorbit (SO) coupling?1° can

of the observed nucleus itself. The secondary isotope effectsbe theoretically calculated with several electronic structure
arise when the isotope of another nucleus in the molecule is methods. They include unrestricted Hartré®ck (UHF)!!
changed. In general, the mass increase of the X nucleus resultglensity-functional theory (DFT?-14 and multiconfigurational

in shorter average XA bond length. For main-group nonmetallic self-consistent field (MCSCH16approaches, as well as fully
elements, this typically leads to higher average shielding
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relativistic four-component methods!8in third-order perturba- ~ MCSCF516.24 calculations at the equilibrium geometry. Ex-

tion theory based on a nonrelativistic (NR) reference state, the perimental secondary one-bond isotope effects@rshielding

SO interaction couples the singlet ground state with triplet in CS, are also determined.

excited states through the Fermi contact (FC) and-sgipole 2. Theory

(SD) hyperfine interactions. Simultaneously, the second-order ™

SO effect arising from the interaction the FC and SD operators  2.1. Nuclear Magnetic Shielding The magnetic field seen

with the magnetic field dependent part of the SO operator should by the magnetic moment of nucleisn a molecule is different

be taken into accourf:1® from the external field applied by the NMR spectrometer. The
The SO effect on nuclear shielding is strongly dependent on modification, due to the electron cloud, is characterized by the

the chemical surroundings of the nucleus and the molecular huclear shielding tensef, whose Cartesiasz-component has

geometry, as demonstrated by Minaev el%dbr the hydrogen four contributions when the relativistic SO effects are taken into

halide (HX, X = Cl, Br, I) series of molecules. It was found ~account perturbationalf,1¢

that the SO effect on th# shielding increases with increasing q b soi SOl

bond length, becoming numerically larger than the NR shielding Oq=0qt0gto +og 1)

at long distances for HI. This stems from the shared dissociation_l_h first t . tabl d-stat tat |
limit for the singlet ground state and a triplet excited state, efirstiermis computable as a ground-state expectation vaiue.

implying decreasing triplet excitation energy with increasing Together with the second-order paramagnetic teEmWh'(_:h .
bond length. It is mainly the strong geometry dependence of €1 be calculated as a linear response of the wave function with
the so-called FC(1) terdf,arising from the triplet Fermi contacy  'eSPECt 0 the magnetic f'elpd Zpgerturbattd:t_ney constitute the
one-electron SO interaction, which causes this effect. NR shielding,o.;” = o, + 0...>> The sum is formally gauge-

As shown in ref 20, the SO interaction produces qualitative invariant and the contributing quantum mechanical operators

changes in the effects of rovibrational motion on the shieldings. dOTT]Ot ;rr]]yglvedthese(l)ectron stpln.
However, the changes are difficult to measure through the & third-order correction
temperature dependence of the absolute shielding or primary So-1 _

isotope effects. The former necessitates a good absolute shield- Ter

ing scale for the nucleus in question, i.e., a reference molecule 4 icas from the one- and two-electron components of the field-

where the absolute shielding is known for all temperatures o electronic SO Hamiltonian [the terms with (1) and (2),
investigated. Also the effects of the solvent on both the referencerespectivelyP‘lO Hso creates spin polarization, through admix-

molecule and the molecule under investigation have to be knowny e of triplet excited states, into the singlet ground state. This

in order to obtain reliable experimental values. In the case of spin polarization is then detected by the nucteetectron

primary isotope effects, the problem lies in the different o fine interactions involving the electronic spin variable, i.e.,

frequency scales of the measurements for the two nuclear,o triplet FC or SD operators. The coupling to the applied

isotopes. In contrast, secondary isotope effects are more easilyy g netic field occurs through the orbital Zeeman interaction.

accessible experimentally as they cause fine structure in the1ng third-order RayleighSchralinger perturbation theory (PT)

NMR spectrum of the observed nucleus. _ ~ expressions involved in the terms of eq 2 can be evaluated either
The subject of this work is the influence of the SO interaction gnayytically as quadratic response funct®nsr by lowering

on the secondary isotope effects ‘€ nuclear shieldings in  he analytical PT order by using finite perturbation theory (FPT)

the Cx% (X = O, S, Se, Te) molecules, due to isOtOPIC {or gne of the interaction& 12

substitution of X. The effect of temperature on absolute |, the second-order SO contributi§i®

shieldings will also be considered. @} an interesting series

of molecules, as previous wdfkwas unable to reach quantita- o0 = OEFTC*“(l) + UGFIC*“(Z) + gesz'}“(l) + OESTD*”(Z) ©)

tive agreement between experimental and nonrelativistically

determined theoreticdfC isotope shifts for CSe Large SO the coupling to the magnetic field is provided by the magnetic

effects are expected in molecules containing heavy chalcogendfield dependence of the SO operator itself. These are obtained

such as selenium and tellurium. The calculations involve by applying the minimal substitutiéh of the contribution of

averaging the nuclear shielding hypersurface through nuclearthe magnetic vector potential (corresponding to the external

motion governed by the potential energy hypersurfabtast field) to the momentum and, hence, angular momentum opera-

of the present calculations are carried out using the DFT tors appearing in the SO interaction. The resulting terms are

approach?1422.23as it is both computationally expedient and analogous to the gauge correction terms of theensor of

expected to produce a shielding hypersurface accurate enouglelectron paramagnetic resonance spectrosédpyey can be

for estimating the isotope effects. For comparison, we use calculated either analytically as triplet linear response funcitons

or again by FPP2 The sum of the corresponding SO-I and SO-

Il terms is formally gauge-invariant in analogy with the NR

FC( FC(2 SD( SD(2
UET()+U€T()+O€T()+OEI() (2)

(17) Ishikawa, Y.; Nakajima, T.; Hada, M.; Nakatsuji, Bhem. Phys. Lett.
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(18) Visscher, L.; Enevoldsen, T.; Saue, T.; Jensen, H. J. Aa.; Oddershede, J.

J. Comput. Chenil999 20, 1262. (23) Malkin, V. G.; Malkina, O. L.; Casida, M. E.; Salahub, D.RAm. Chem.
(19) Fukui, H.; Baba, T.; Inomata, H. Chem. Phys1996 105 3175;1997, So0c.1994 116, 5898.

106, 2987. (24) Ruud, K.; Helgaker, T.; Kobayashi, R.; Jgrgensen, P.; Bak, K. L.; Jensen,
(20) Minaev, B.; Vaara, J.; Ruud, K.; Vahtras, O.; Agren,O-HLem. Phys. Lett. H. J. Aa.J. Chem. Phys1994 100, 8178.

1998 295, 455. See also: Cromp, B.; Carrington, T., Jr.; Salahub, D. R.; (25) Ramsey, N. FPhys. Re. 195Q 78, 699;1952 86, 243.

Malkina, O. L.; Malkin, V. G.J. Chem. Phys1999 110, 7153. (26
(21) Lounila, L.; Vaara, J.; Hiltunen, Y.; Pulkkinen, A.; Jokisaari, J.; Ala- (27
Korpela, M.; Ruud, KJ. Chem. Phys1997 107, 1350. Oxford University Press: New York, 1997.
(22) Vaara, J.; Malkina, O. L.; Stoll, H.; Malkin, V. G.; Kaupp, M. Chem. (28) Harriman, J. ETheoretical Foundations of Electron Spin Resonance
Phys.2001, 114, 61. Academic: New York, 1978.

Olsen, J.; Jgrgensen, P.Chem. Phys1985 82, 3235.
Atkins, P. W.; Friedman, R. S4olecular Quantum Mechanic8rd ed.;

=

J. AM. CHEM. SOC. = VOL. 124, NO. 11, 2002 2763



ARTICLES Lantto et al.

shielding!® Hence, FC-lif) and SD-lif)) may be called 3. Computational Details
diamagnetic contributions to the SO correction to nuclear
shleIQ|ngs. We refer to. the original pap¥r® and references have been carried out using a local version of the deMon program
therein for further details. . which includes the corresponding NMR moduté$*3NR shieldings

2.2. Isotope and Temperature EffectsTo compare theoreti- \yere calculated by using the individual gauge for the localized orbitals
cally calculated shieldings to experimental values, one needs(GLO) method* with the Perdew/Wang PW91 exchange-correlation
to perform rovibrational averaging. One way of doing this is to functional3® The integration grid of deMon was with the EXTRAFINE
expand the parameter as a Taylor series in terms of the internalangular quadrature and 128 radial points per atom (E¥28).
displacement coordinateésR; (of bond lengths and angles etc.) The SO corrections were calculated with the Brétauli one-
around the equilibrium geomettyThere are four relevant  electron/one-center mean-field approximaticfifor the one- and two-
coordinates in a linear XAXtype molecule: AX and AXbond electron SO operators using the AMFI cod&he FC operator on the
stretching coordinatesir and Ar', as well as two bending ~ carbon nucleus was included in the zero-order self-consistent Hamil-
coordinates A6 and A@', in the xz and yz planes, when the tonian as a finite perturbatldﬁ?zThe_ corresponding FPT parameter,
molecule is along the axis. Neglecting third- and higher-order ¢ = 0-003, was chosen on the basis of the observed plateau of stable

. I . . . results. The terms involving the SD operator were neglected in the

terms (as their contribution to the total rovibrational effect is

B th ion f he th I d shieldi present DFT calculations for both computational convenience and the
smalf), the expression for the thermally averaged shielding fact that the SO effects usually are dominated by the FC interac-

3.1. DFT Calculations.DFT calculations of shielding hypersurfaces

constant of nucleus A at temperaturés tion.221516 Similarly, the diamagnetic FC-11(2) gauge correction term
was not calculated due to the lack of an efficient way to calculate the
o= 0.+ Or[mr@ + mr’lj] + l'an[EﬂAr)zﬂ + corresponding molecular integr.als. Its effect is most likely small, judged
2 by the results for the electrongstensors®
"2 ' 1 2 "2 We used both the common gauge origin (CGO) at the carbon nucleus
+ 0. + = + X .
Ar) ﬂ] O [ATAT a ZUGB[EGAQ) d [AG) ﬂ] “) and the IGLO gauge. An earlier exchange functional by Perdew and

Wang as well as the correlation functional by Perdew (F8&kre
whereoe is the shielding constant at the equilibrium geometry used, as they have been shown to provide reasonable accuracy in
andoR a-ndO'RR are the first and second derivatives, respective|y’ calculations involving the FC interactiéﬁf‘oj“lThe |GL.O localization
of the shielding constant with respect to the displacement Was performed, as in the NR case, using the Pigekzey (PM)
coordinates, taken at the equilibrium geometry. These parameter@/90rithm? (IGLO PM). The E128 grid was used. CGO was only
define the shielding hypersurface. All other first- and second- employed at .the equilibrium geometry in order to produce results

. . comparable with the MCSCF calculations (see below). The dependence
order terms vanish due to thg Sy_mme”y of the I|near_2 CX of the results on the location of the CGO was investigated by placing
_SyStemS' These and other derivatives of scalar p_rOpert'eS ArGhe gauge origin to the X nucleus instead of carbon and found to be
independent of nuclear masses and temperature in the-Born pegiigible with the present basis sets.

Oppenheimer approximation. As the rovibrational motion of @ the Loc.1 approximation of the sum-over-states density-functional
molecule depends on these quantities, so do also the thermaperturbation theory (SOS-DFPT) appro#tivas employed in all
average values of the displacement coordinafA®;(T and calculations. We refer to the original paper for details.
IJXR.ARJ (7. To calculate these to Ieading order, both the harmonic  we used the basis sets of Huzind@apntracted and polarized by
(quadratic) frr) and cubic anharmonidirr,) force constants Kutzelnigg et al3* and denoted Hlll for C, O, and S. The Se and Te
are needed. Up to this level, the energy function for a linear basis sets are due to Fagrmnd were used with the same type of
XAX' molecule can be written down as contraction pattern and polarization functions as in the Hlll basis sets
for the lighter elements. In the [primitive/contracted] notation the basis

_1 2 2 1 2
- —f"[(Ar) + (Al") ] + f,r,ArAr’ + _foe[(AO) + (32) Salahub, D. R.; Fournier, R.; Mlynarski, P. Papai, |. St-Amant, A.; Ushio,
2 2 y p
1 1 J. InDensity Functional Methods in Chemisthabanowski, J., Andzelm,
2 3 3 J., Eds.; Springer: New York, 1991. St-Amant, A.; Salahub, DCRem.
(A0)] + gfm [(Ar)"+ (Ar')7] + Sf, ArAr'(Ar + Ar') + Phys. Lett1990 169 387. St-Amant, A. Thesis, Universite Montral,
1992.
1 , 2 N2 (33) Malkin, V. G.; Malkina, O. L.; Eriksson, L. A.; Salahub, D. R.Modern
Efrgg(Ar + Ar )[(AQ) + (AQ ) ] (5) Density Functional Theory: A Tool for Chemistiyol. 2 of Theoretical
and Computational ChemistryPolitzer, P., Seminario, J. M., Eds.;
Elsevier: Amsterdam, 1995; p 273.
TH . : H (34) Kutzelnigg, W.; Fleischer, U.; Schindler, M. NMR Basic Principles and
_ Thg curvilinearAR, cogrdlnates are relgted to the rectllmear Progress 23Diehl, P., Fluck, E., Gather, H., Kosfeld, R., Seelig, J., Eds.
vibrational normal coordinatedy by a nonlinear transformation - lSDprlgger:JB%rlmwlggo.\Ph Re. B 1992 45, 13244, Perdew, J. P
. . 9 . . erdew, J. P.; Wang, Yhys. Re. , . Perdew, J. P,;
involving thezso-called_-tensorsz. The rowbratlonal averages Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson, M. R.; Singh, D.
@ and [@Q;0 can be calculated using well-known formu- J.; Fiolhais, CPhys. Re. B 1992 46, 6671.

. . 36) Hess, B. A.; Marian, C. M.; Wahlgren, U.; Gropen, Chem. Phys. Lett.
las3031The latter are obtained from the zero-order wave function ©° 1996 251 365. g P Y

of the harmonic oscillator, i.e., averaged over the harmonic (37) Schimmelpfennig, BAtomic spin-orbit Mean-Field Integral program
. K K . . Stockholms Universitet, 1996.

vibrations of the moleculé@,[T are influenced by both vibration (38) Lushington, G. H.; Grein, FTheor. Chem. AccL996 93, 259.

and rotation of the molecule. Whereas the part resulting from (39) ggdg"{béapég\g%’;% Fhys. Re. B 1986 33, 8800. Perdew, J. Rhys.

the vibrational anharmonicity is calculated from the first-order (40) malkin, V. G.: Malkina, O. L.; Salahub, D. RChem. Phys. Lett1994

wave functions perturbed by the cubic force field, a classical iéjg"aglldéwg;kéga' O. L.; Salahub, D. R.; Malkin, V. G. Chem. Phys.

equipartition of the energy argument is used for the rotational (41) Eriksson, L. A.; Malkina, O. L.; Malkin, V. G.; Salahub, D. R. Chem.

; ; ; Phys.1994 100, 5066.
(centrifugal distortion) par¥ (42) Pipek, J.; Mezey, P. Gl. Chem. Phys1989 90, 4916.
(43) Kaupp, M.; Malkina, O. L.; Malkin, V. GJ. Chem. Phys1997 106, 9201.

(29) Hoy, A. R.; Mills, I. M.; Strey, GMol. Phys.1972 24, 1265. (44) Huzinaga, S.Approximate Atomic FunctionsUniversity of Alberta,
(30) Toyama, M.; Oka, T.; Morino, YJ. Mol. Spectrosc1964 13, 193. Edmonton, 1971.
(31) Lounila, J.; Wasser, R.; Diehl, Rlol. Phys.1987, 62, 19. (45) Feegri, K., personal communication.
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sets are [11s7p2d/7s6p2d] for C and O, [12s8p3d/8s7p3d] for S, terms involving the two-electron gauge correction integrals were

[16s13p11d/12s11plid] for Se, and [20s16p14d/14s13p12d] for Te. neglected. All the other terms involving both FC and SD hyperfine

Spherical Gaussian functions are used throughout. operators were retained, however, in contrast to the DFT work. The
For the fitting of the charge density and exchange-correlation mean-field SO integrals from the AMFI code were used.

potentials using Gaussian functions, we used auxiliary basis sets denoted 3.3. Isotope and Temperature EffectsThe equilibrium molecular

as (5,2;5,2) for C and O, (5,4;5,4) for S, and (5,5;5,5) for Se and Te. Structures were optimized with the GAUSSIAN98 progtaat the MP2

The first two numbers in the notation are the number of s-primitives level, using quasi-relativistic large-core effective core potentials

and spd-shells (sharing a common exponent), respectively, for the (RECP)? Uncontracted valence basis $étsupplemented with two

charge density. The last two numbers denote the same for the exchanged-exponents from the Hill set, were used. The sets were (4s4p2d) for

correlation potential. C and O and (4s5p2d) for S, Se, and Te. The harmonic and cubic force
3.2 MCSCF Calculations.Restricted active space (RASkalcula- constants were obtained by fitting eeriicluding also the all-diagonal

tions were carried out at the equilibrium geometry using the DALTON  fourth-order constantsto the total energy values at the equilibrium

quantum chemistry prografiThe active molecular orbital (MO) spaces geometry and 14 geometries slightly displaced from the equilibrium.

2000 100! 220 0110 4110 311 2200110 The theoretical level was th m for th metr imizations.
were 5000 J00RASIT0 010 for COy, 2000 zoongiom 2111 for CS, e theoretical level was the same as 10 the geo .et y optimizations
8331 7333?A$22° 0110t CSe and 12552 11'55§A§22° 010t cTe,. in The RECPs are expected to give a reliable force field for molecules
2000 200¢ 00%%12110 €, and 3000 2000 001211110 &, 1 taining h 1 S qT | lativistic effect
the MR ASRASZ otation. The numbers denote molecular orbitals in  CONtaining heavy atoms (Se and Te) as scalar relativistic effects are
each of theA, Bss Baw Big Bus Bog Bsy and A, irreducible taken into account by this technique. RECPs were used for all systems

in the present series to obtain a consistent quality of the force fields.
The calculations of the thermal average displacement coordinates

AR and[ARAR were performed by using the AVIBR prograth.

| The derivatives of thé3C nuclear shielding constants with respect to

representations of thB, point group, respectively. These balanced
active spaces were chosen by inspection of the MP2 natural orbital
occupation numberS. The two highest doubly degenerate occupied

orbitals as well as the doubly degenerate lowest unoccupied orbital : ) _ >
were in the RAS2 orbital subspace. A full configuration interaction is e displacement coordinates were obtained by fitting the property

performed in this restricted space. This is essential in order to be able SUrface of éq #-supplemented with the full third-order surfac the
to describe static electron correlation effects. The other occupied and SNi€ldings from DFT calculations at 12 different geometries (including

virtual MO's mostly affected by correlation (as judged from the MP2 the equilibrium), suitably chosen near the MP2/RECP equilibrium
occupations) were placed in the RAS1 and RAS3 subspaces, respecIeOMetry. )

tively. Single and double excitations were allowed out of RASL and -4 Experimental Section.NMR measurements were done on
into RAS3, in an attempt to capture some of the dynamical correlation Natural abundance GSThe sample was prepared into a standard 5-mm
effects. The inactive MO's are subject to optimization but are not ©-d- NMR tube with ca. 20 vol % of CDEhs a lock substance and
latm of'3CH, as an internal chemical shift reference. T#@ spectra
were recorded at several temperatures with the Bruker Avance DRX
500 spectrometer (corresponding to the resonance frequency of 125.76
MHz for 13C). Temperature was calibrated with a standard calibration
sample of ethylene glycol that gives an accuracytdf. To obtain

correlated.

Two calculations were performed for G@nd CS, one with the
HIIl basis sets for all nuclei as well as a locally dense one where the
HIVu3 set was used for C and HIV for O and S. This mixed basis is
denoted here as HIVU3/HIV. The HIV ba¥ié*is [11s7p3d1f/8s7p3d1f] .
. - signals from both the molecule under study and the reference molecule,
for C and O and [12s8p4d2f/9s8p4d2f] for S. The HIVu3 set is obtained . L ; .
a spectral window of 30 kHz was used, digital resolution being 0.06

from HIV by full decontraction and supplementing this basis with three
. ) S ; Hz. To observe the extremely small temperature dependence of the
tight (high-exponent) s-type primitive Gaussians. The exponents were .

obtained by multiplication of the highest existing exponent by the factor 'SO.tOpe shift, additional spec tra arognd QP@SZ region were measured
. ) . . ; . using a 0.5 kHz spectral window with a digital resolution of 0.01 Hz.
of 3. The purpose of adding tight basis functions is to improve the

description of the FC perturbation. In GSand CTe, the HIl basié® A total of 4096 scans were accumulated. This is enough to reveal signals

was used or Se and Te. These sets are 16s13p1oq/tssioptod) for SE R0 108 P B ARED B0 SR FREm Toe Bl
and [20s16p13d/13s12p10d] for Te. They were used in a locally dense. Y 9 gna, 9 Y

manner with both HIll and HIVu3 basis sets for carbon. This procedure impossible for this part_lcular signal. The number of scans collected
C S . . for the temperature series was 128, with spectra showing only the two
is dictated by software limitations in correlated calculations of nuclear

shieldings most prominent peaks. The line widths varied from 0.1 to 0.2 Hz.
. . . . . Each spectrum was analyzed by using the total line-shape fitting

The NR shieldings were calculated by using gauge-including atomic e of the PERCH softwaPéto obtain chemical shifts with standard
orbitals (GIAQ's)?* For the third-order SO contributions, we adopted deviations of 0.006 Hz (0.05 ppb) and 0.003 Hz (0.02 ppb) or better
the fully analytical approachthat uses the triplet quadratic response ¢, yhe apsolute shieldings and the isotope shifts, respectively. Both

function?% Triplet linear response functioffsare needed in the the chemical shifts (with respect t4CH,) and the isotope shifts were

analytical methot used to compute the second-order SO corrections. fo, 4 to decrease linearly with temperature in the present temperature
All SO contributions are obtained with a CGO placed at carbon, and ange

the results are expected to be practically independent of the location
of the CGO. As in the DFT calculations, the FC-1I(2) and SD-II(2) (51) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,

(46) Olsen, J.; Roos, B. O.; Jgrgensen, P.; Jensen, H. JJ.Azhem. Phys. K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
1988 89, 2185. Malmqvist, P.-A.; Rendell, A.; Roos, B. @.Phys. Chem. R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
199Q 94, 5477. Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
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Table 1. Equilibrium Geometries, Harmonic Frequencies, and Cubic Anharmonic Force Fields for CX; (X = O, S, Se, Te)?
CO, CS, CSe, CTe,
MP2° CCSD(T)® exptl MP2° ccsp(Ty exptl MP2° DFT exptl9 MP2°
le 1.1634 1.1626 1.1660 1.5513 1.5596 1.5528 1.7053 1.689 1.692 1.9102
w1 1318.97 1352.0 1353'8 675.41 670.05 673.42 371.84 381.78 374.48 261.56
w2 655.33 670.5 6729 369.74 398.63 398.40 299.65 307.06 302.89 238.77
w3 2311.68 2396.6 23965 1552.60 1557.83 1558.71 1295.54 1305.01 1254.30 1149.10
frr 15.475 15.923 15.976 8.133 7.777 7.881 6.228 6.448 6.088 5.027
frre 0.920 1.159 1.232 0.460 0.568 0.647 0.282 0.415 0.515 0.210
foo 0.792 0.762 0.778 0.524 0.578 0.570 0.463 0.476 0.465 0.379
frr —105.185 —112.619 -116.8 —42.954 —43.667 —44.095 —29.737 —36.053 —22.171
frree —2.882 —2.712 —2.48 —1.250 —1.097 —1.010 —0.810 —0.878 —0.409
froo —1.125 —-1.121 —1.218 —0.652 —0.738 —0.740 —0.477 —0.581 —0.413

a Geometries and force constants in units of A, rad, and aJ. FrequenciesinTdme isotopomers used for the frequencies!&Eas0,,13C32S,, 13C80Se,
and13C130Te,, b Present work® Reference 55¢ Reference 562 Reference 57. Equilibrium geometry derived from the data of ref 57 in ref B6éference
21. Harmonic frequencies calculated using the given force constants and geori@sgtsence 58. Harmonic frequencies calculated using the given force
constants and geometriésReference 59.Reference 60.

Table 2. Calculated 13C Nuclear Magnetic Shielding Constants at the Equilibrium Geometry in CX; (X = O, S, Se, Te)2

SO corrections
molecule theory basis (C/X) NR FC(1) FC(2) SD(1+2) FC-11(1) SD-II(1) 5o TOT
CO, DFT(PM) Hill 58.62 0.55 -0.21 —0.39 —0.04 58.57
DFT(CGO) HIill 0.75 —0.28 —0.38 0.09 58.70
MCSCF HIll 65.20 0.59 —0.18 —0.38 0.00 0.03 65.23
MCSCF HIVu3/HIV 64.73 0.58 —0.18 —0.40 0.00 0.00 64.73
exptl 60.3
CS DFT(PM) Hill 0.35 3.95 —0.78 —0.40 2.77 3.12
DFT(CGO) Hill 5.23 —1.02 —0.38 3.83 4.18
MCSCF Hill —11.97 5.37 —0.83 -0.37 0.00 4.18 —7.78
MCSCF HIVu3/HIV —13.79 5.46 —0.86 —0.39 0.01 4.22 —9.57
exptl 5.9
CSe DFT(PM) Hill —43.99 26.61 —2.74 —0.39 23.48 —20.51
DFT(CGO) Hill 32.00 —-3.17 —-0.31 28.52 —15.47
MCSCF HI/HI —55.71 39.21 —4.45 —0.29 0.00 34.47 —21.24
MCSCF HIVu3/HIl —56.09 39.22 —4.61 —0.30 0.01 34.31 —21.78
exptl —17.84-21.8
CTe DFT(PM) Hill —86.60 67.69 —3.94 2.83 66.58 —20.02
DFT(CGO) HIll 82.97 —5.44 —0.26 77.27 —9.34
MCSCF HII/HI —106.77 129.86 —12.70 —0.22 0.00 116.94 10.18
MCSCF HIVu3/HII —107.73 129.66 —13.22 —0.24 0.00 116.21 8.48

aThe nonrelativistic (NR) values and spiorbit (SO) corrections are shown separately. Results in ppm. For NR results, either GIAO’s (MCSCF) or
IGLO PM (DFT) were used. For SO results, either common gauge origin (CGO) at the carbon atom (in all MCSCF calculations) or IGLO PM were used.
For MCSCF, the one- and two-electron contributions are summed in the third-order terms. Calculations were performed using the optimized geometries
given in Table 1P Total shielding including the NR contribution calculated by the IGLO PM meth&eference 61. Estimated equilibrium geometry
gas-phase valué.Reference 21. Liquid-state experimehReference 62. Solid state experimenthe plateau of results for different values &f only
found for the summed SO correction FC(t)FC—I1(1).

4. Results and Discussion toward heavier X in the CXseries. This is most likely due to

inaccuracies in both calculations. The DFT results depend on
are compared with literature values in Table 1, together with the choice of the approximate exchange-correlation functional,
the full cubic anharmonic force field used in the work. The and compromises are made in the correlation treatment in the
calculated structures are in good agreement with the bestPreSeNt MCSCF wave functions. For example, only the valence
theoretical and experimental ones. There are some differencesorbitals are correlated. On the basis of the results of ref 65 for
in the force constants between thé different methods. Far CO related properties, correlating the outer-core/inner-valence orbit-

and CS, the CCSD(T) calculations are closer to the experi- als can be expected to influence the MCSCEF results, in particular
mental values. However, the present quasi-relativistic MP2/ for the SO corrections. On the other hand, it has in general been

RECP results are not far away. We believe that the quality of 55) pmartin, 3. M. L Taylor, P. R.; Lee, T. Them. Phys. Lett1993 205

4.1. Geometries and Force FieldsThe optimized geometries

the MP2 potential energy surface is sufficient for obtaining 5 5M35., 3 M. L Eranois. J.-P-- Gitbels. R). Mol. S 1995 169
reliable rovibrational effects on tHéC shielding tensor. The ~ (®® Jartin. J. M. L.i Franois, J.-P.; Gijoels, R). Mol. Spectroscl995 169

only previous force field calculation for the heavier members (57) Smith, D. F.; Overend, J. Chem. Physl971 54, 3632.
. . (58) Burger, H.; Willner, H.J. Mol. Spectrosc1988,128 221.
of the present series was the NR DFT work on £i@eef 21. (59) Teffo, J. L.; Sulakshina, O. N.; Perevalov, V.JI.Mol. Spectrosc1992

156, 48.
(60) Lacy, M.Mol. Phys.1982 45, 253.
(61) Jameson, A. K.; Jameson, C.Chem. Phys. Lettl987 134, 461.
(62) Bernard, G. M.; Eichele, K.; Wu, G.; Kirby, C. W.; Wasylishen, R. E. W.
Can. J. Chem200Q 78, 614.
Spiess, H. W.; Schweizer, T.; Haeberlen, U.; Hausser, K. Magn. Reson.

The present MP2/RECP results are expected to be superior.
4.2. Spin—0Orbit Coupling Effects at Equilibrium Geom-

etry. The NR and SO contributions to th& shielding constants

at the equilibrium geometry are listed in Table 2. Table 3 shows (63)

the same for the shielding anisotropies. The DFT and MCSCF g, Sokisaarl 3. Lazzerett, P.; Pyyk®, Chem. Phys1988,123 339.

values foro." differ and the deviation increases when going (65) Lantto, P.; Vaara, I Chem. Phys2001, 114, 5482.
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Table 3. Calculated 13C Nuclear Magnetic Shielding Tensor Anisotropies in CX; (X = O, S, Se, Te)?

SO corrections
molecule theory basis C/X NR FC(1) FC(2) SD(1+2) FC-II(1) SD-II(1) 50 TOT
CO, DFT(PM) Hill 341.20 —0.82 0.31 —0.05 —0.56 340.64
DFT(CGO) HIll —1.13 0.42 —0.05 —0.76 340.44
MCSCF HIll 329.48 —0.88 0.22 —0.05 0.00 0.72 328.77
MCSCF HIVu3/HIV 329.78 —0.87 0.23 —0.05 0.00 0.70 329.07
CS DFT(PM) Hill 437.99 —5.92 1.17 —0.03 —4.78 433.21
DFT(CGO) HIll —7.84 1.53 —0.05 —6.37 431.62
MCSCF HIll 455.47 —8.06 0.91 —0.06 0.00 —7.21 448.26
MCSCF HIVu3/HIV 457.53 —8.19 0.94 —0.06 0.00 —-7.31 450.22
exptl 438(44%
CSe DFT(PM) Hill 511.12 —39.91 411 0.02 —35.78 475.34
DFT(CGO) HIll —47.99 4.76 —0.10 —43.34 467.7%
MCSCF HI/HIN 527.90 —58.81 5.15 -0.11 0.00 —53.77 474.12
MCSCF HIVu3/HII 527.97 —58.83 5.33 -0.11 0.00 —53.61 474.36
exptl 506(30)4 506
CTe DFT(PM) Hill 583.51 —101.53 5.90 —4.74 —100.38 483.13
DFT(CGO) Hill —124.45 8.14 —0.10 —116.41 467.19
MCSCF HI/HI 612.87 —194.80 15.41 —-0.14 0.00 —179.53 433.33
MCSCF HIVu3/HIl 613.91 —194.49 16.00 —0.14 0.00 —178.63 435.28

a See footnota in Table 2. Anisotropy defined with respect to the direction of the molecular axis= o, — on. ® See footnotd in Table 2.¢ Reference
63. Spin-lattice relaxation experiment in the liquid stateReference 64. In liquid crystal solutiohSee footnotes in Table 2.f See footnotd in Table 2.

found that DFT is better at producing relative chemical shifts small FC(2), quite sensitive to the correlation treatment. Without
than absolute shieldings (the latter are plagued by a systematicconsidering the third-order SD contributions that are calculated
deshielding), particularly for atoms with many lone-p&8367 in the MCSCF but not in the DFT approach, the difference
The magnitude of the DFT shieldings is smaller than that would be even larger. The SD terms diminish the total SO
obtained using MCSCF for all molecules. For £@he DFT correction by more than 10%, and their relative importance
result is deshielded relative to the MCSCF one by about 6.6 increases toward lighter molecules. The second-order SO terms
ppm. The situation is reversed for the heavier systems, with are quite similar in both the DFT and the MCSCF calculations.
MCSCEF giving negative, more deshielded NR results than DFT These contributions are very small and hence not numerically
by 10 (CS) to 20 ppm (CTe). If the Loc.1 approximation of  important in the present calculations. In the case of Cife
SOS-DFPT with the modified energy denominators df is FC-II(1) term seems to be smaller than for the lighter systems,
omitted, the DFT NR shieldings become more deshielded, indicating a small effect of this term on relative chemical shifts.
reducing the gap to the MCSCEF results to about the half (data Neglecting the Loc.1 approximation in the DFT calculations
not shown). increases the total SO correction by up to more than 10% in
Based on the MCSCF results, the effect of improving the CTe, (results not shown), improving again the agreement with
carbon basis from the HIll level is small. This holds also for the MCSCF data slightly.
the SO corrections. Hence, the Hlll basis appears to be complete  The shielding anisotropy behaves in much the same way as

enough for the present purposes. the isotropic shielding. The anisotropy in Glis smaller than
The different calculated NR results bracket the experimental that in CSe and even C8due to the considerable increase of
oc for CO, and CS. In the case of CSg however, the NR the SO contribution.

theory remains much too deshielded. There is no experiment
for CTe,.. The SO contribution is positive and it increases as

expected with the charge of the chalcogen nuclei, bringing the
13C shielding closer to the experimental values for=XS and

Summarizing, there are differences between the absolute
shielding quantities calculated with the MCSCF and DFT
methods due to the treatment of the gauge dependence, the fact

. o that the SD contributions are neglected in the present DFT
Se. In the MCSCF calculation of CTethe SO correction is 9 P

| than the NR shieldi d theref h th program, the difference in electron correlation treatment, and
even farger than the R shielding an eretore changes €&, sSos-DFPT corrections used in the DFT method. A detailed
sign of the total shielding. In particular, a good agreement with

) . ; . study of these effects for molecules containing elements beyond
the expenmentatc is obtained for CSgafter the SO corrections the first row would be of interest. For the present purposes,
are taken into account.

. however, these discrepancies are expected to be systematic and
_The DFT_method gives smaller S.O effects than MCSCF. The constant for each molecule in the different conformations
difference increases toward heavier X. The treatment of the

. L .. —accessible to the rovibrational motion, as these sample the
gauge or|g|fn pro?:fﬂgf?iﬁe S;tu?t'tc.m af tk}(ﬁ SO contleutlon immediate vicinity of the equilibrium geometry. It is likely that
E\ér(e)astes r(;m ne loved calcu z.:ft).n (;h € On?t Wt ere 3 the errors largely cancel when calculating the temperature
th Mgsgizr OT N e1l‘[1hp oyed, 1.€., S Ifl?hg € resu sdpwar evolution of the shieldings as well as the isotope effects, as

€ values. The main cause ot the remaining iscrep-y, , ;o quantities involve differences of shielding constants at
ancy of the DFT and MCSCEF results is the smaller FC(1) different geometries
contribution of DFT. This term is, similarly to the relatively 4.3 Rovibrational Effects on the*C Shielding Constants
(66) Cheeseman, J. R.; Trucks, G. W.; Keith, T. A.; Frisch, MJ.JChem. The fitted parameters of the NR and SO carbon shielding
Phys 1996 104 5497, surfaces and their contributions to the rovibrationally averaged

(67) Rauhut, G.; Puyear, S.; Wolinski, K.; Pulay,J?Phys. Cheml996 100, ) .
6310. property at 300 K are shown in Tables 4 and 5, respectively.
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Table 4. Calculated (DFT) Nonrelativistic 13C Shielding Surfaces for CX; (X = O, S, Se, Te)?a

CO;, CS, CSe, CTe,
A B,[iOOKb A Eb'[jOOKh B,[iOOKc A m’[iOOKb A Ef[ﬁ“”"
a® —113.334 -1.146 —131.263 -1.322 —-1.290 —-135.214  —1.344 —158.430 —1.680
o —203.208  —0.242 —243.691  —0.348 —0.358 —-594.144  —0.882 —-300.655  —0.493
o -162.311 0.063 —49.816 0.029 0.030  —155.328 0.107  —100.278 0.075
o —47.760 —0.428 —50.952 —0.503 —0.465 —38.430 —0.401 —73.988 —0.894
Wk — o -1.648 -1.797 -1.786 —-1.974 —1.986
BER - o -1.753 -2.145 —2.083 —2.521 —2.992

aThe fitted parametera and the corresponding contributions to the rovibrationally averaged proeffj < at 300 K, are shown. Results in units of
ppm, A, and rad® Contribution to averaged property at 300 K, equal to the product of the fitted parameter and the appropriate combination of linear or
quadratic average displacement coordinates, eq 4. The isotopomers us&l%g3C32S,, 13C80Se, and13C13Te,. The MP2/RECP force field from the
present work was useéCalculated using the CCSD(T) force field from ref I&ero-point vibrational contributiorf. Total rovibrational contributions at
300 K.

Table 5. Calculated (DFT) Spin—Orbit Correction Surfaces to 13C Nuclear Shielding Constants in CX, (X = O, S, Se, Te)2

CO, CS, CSe, CTe,

A @[ﬂOOK A Eb’[jmK Bﬁm K A m),[joo K A @[ﬂOOK
o -0.186 —0.002 6.485 0.065 0.064 35.462 0.353 80.827 0.803
ol 41.994 0.050 28.686 0.041 0.042 334.277 0.496 919.229 0.560
o —17.102 0.007  —26.564 0.016 0.016 52.690  —0.036 —135.240 0.117
o580 —0.445 —0.004 —2.544 -0.025 -0.023 24.138 0.252 167.531 1.010
BEs — oe 0.051 0.094 0.097 0.843 1.725
BEXK - 0. 0.051 0.097 0.099 1.065 2.490

aSee footnotes in Table 4.

Also the total zero-point vibrational contributions are listed. The in the total SO corrections for these two molecules is due to
NR shielding derivatives are all negative, and there is a clearly theo; andogy contributions. The angular contribution is negative
increasing trend in magnitude of tleg parameter when going  for the two lightest molecules and positive for molecules
to the heavier molecules. The corresponding first-order term in containing heavy elements. As for the NR shielding, the
eq 4 is responsible for over 50% of the total NR rovibrational o, [ArAr'(¥ term is the least important for the SO corrections.
corrections at 300 K. C3eleviates from the trend of the other  The temperature effect on the SO corrections also increases with
molecules whereyy causes the second largest contribution. In the nuclear charge of the chalcogen (both NR and SO effects
CSe, oy is particularly large whilergy is quite small. Only the are calculated from the same potential energy surface) and is
second-order cross-term contribution fremy would be neg- about 45% for CTgwhen comparing the total rovibrational
ligibly small in all these systems. Thermal effects, as indicated correction at 300 K to the zero-point vibrational correction. For
by the difference between the calculated values correspondingCO,, there is practically no temperature effect on the SO
to 300 and 0 K, increase dramatically when going toward the correction.
heavier molecules, reaching about 50% d th K value for If the Loc.1 approximation is not made, the magnitudes of
CTe,. The results from using the CCSD(T) force field of ref both the NR- and SO-induced rovibrational corrections on the
54 for CS are qualitatively similar to our MP2/RECP numbers, shielding constants increase by at most 15% in the heaviest
the major difference being in the slightly smaller thermal effects molecules. For light main-group systems, the modified SOS-
on a(N:R. DFPT orbital energy denominators have empirically been found
Rovibrational motion gives aegatie contribution to thé-3C to improve the results. While this is not necessarily true for the
shielding constants at the NR level, and the contribution heavier elements, we have chosen to use this approximation
increases toward heavier X. On the contrary, most of the SO unless otherwise noted.
shielding derivatives are positive, hence the rovibrational —The temperature derivatives of tRéC absolute shielding
contributions arising from the SO interactiorcreasethe 13C constants at 300 K are listed in Table 6. The present calculations
shielding constant. correspond to isolated molecules in vacuo. The effect of the
The SO correction surface features clear increasing trends inSO contribution on the temperature derivatives is negligible in
the magnitude of, ando,, when going toward heavier X. The CO; and CS. The calculated values for GQGre in absolute
first-order thermally averaged shielding contribution corre- terms close to the experimental gas-phase V&lappropriate
sponding ta, is the dominant one for G§where the total SO to the isolated molecule. The present, very accurate experimental
effect is still small), and it is also important in CSand CTe. liquid-state temperature derivative in £% an order of
For CQ, and CSeg, o, causes the largest contribution. In the magnitude larger than the calculated values. In £S$ee
case of CTg the second-ordeoyy term, corresponding to  magnitude of the temperature derivative decreases by 40% due
bending motion, is already larger than both of the previously to the SO interaction, and the difference between the theoretical
mentioned Contribu“qns' T_hﬁ” contribution is aImQSt of the (68) Jameson, C. J.; Jameson, A. K.; Parker, H.; Cohen, S. M.; Lee, L.-L.
same absolute magnitude in GZad CTe and the difference Chem. Phys1978,68, 2861.
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Table 6. Temperature Derivatives of the 13C Nuclear Shielding Table 8. Experimental and Theoretical DFT Isotope Shifts for CS,
Constants at 300 K?# at 300 K2
method CO, CS, CSe, CTe, isotope shift force field® NR SO total exptl
DFT®  —0.8(-0.8) —23(-23) -19(-3.3) -—1.2(-5.5) IABC(BS3S)  MP2 39 -02 3.7
DFTC —2.0(-2.0) CCSD(T) 40 -02 3.8
exptl —0.5369 —14.2(2% -6.0 IABC(34S3%3) MP2 75 —04 7.1 7.79(9)
CCSD(T) 77 -04 7.3 7.89(2)
a All in ppb/K. Nonrelativistic value in parentheses. Same isotopomers  ABC(S3S)  MP2 77 -04 7.3
as in Table 4P Present calculations with the MP2/RECP force fiéRtesent CCSD(T) 79 -04 7.5
calculations with the CCSD(T) force field. 9 In gas phase. Reference 68. IAISC (345 33) MP2 114 —-06 10.8
¢ Present experimental value in liquid state. Temperature derivative of the CCSD(T) 11.7 -0.6 111
chemical shift £13.9 ppb/K) relative to CH is combined with the IAI3C(36S 323) MP2 142 —0.7 135
theoretical temperature dependenceref(—0.26 ppb/K) in the (internal) CCSD(T) 146 —-0.7 13.9
reference molecul®. fIn liquid CsDs solution?! IAI3C (345 34S) MP2 150 —0.7 14.3 15.6(2)
) ) ) ccsSD(T) 154 —0.8 146  15.7(4)
Table 7. Experimental and Theoretical DFT Isotope Shifts for CO» 1A13C (365 335) MP2 181 —0.9 17.2
at 300 K@ ccsD(T) 186 —09  17.7
isotope shift NR so total exptl TATC (s ¥s) gﬂESZD(T) g-i —i; 3(1);
TATC(10,1%0) 113 -03 110 IAICEISFS)  MP2 285 14 27.1
IABC(L70,170) 22.6 -0.6 22.0
IALC(180,170) 32.8 -0.9 31.9 a ; : ; _
' In ppb. One-bond isotope shifts with respect to #8=13C=32S
IATC(10,10) 43.0 —12 41.8 39(3) isotopomer. See footnotin Table 7.° MP2/RECP force field from the
] ] ] present work, the nonrelativistic CCSD(T) force field from ref 56iquid-
21n ppb. One-bond isotope shifts with respect to #@=1C=%0 phase value in §Ds solution’? d Present experimental value in liquid phase.

isotopomer, i.e.’ABC(’0,%0) = 0¢(170,1%0) — 0¢(*%0,1%0) for the

difference of the'*C shielding constant in the isotopomér©=13C=160

and%0="3C=1%0 (reference)® Gas-phase results from ref 70. The standard  Taple 9. Experimental and Theoretical Isotope Shifts for CSe, at
deviations are given (in parentheses) in units of the last digit. 300 Ka

. . isotope shift walline® NR SO total explt CAS' BPWOL
and experimentdt values increases as compared to the NR __ 5% Specke e ge %

level. These facts point out that the experimental values from “A:°C("“Se/*Se) —66 27 -39 —60 -63
IA13C(74Se5Se) -43 17 -26 40 -42

IALC("83e82Se) 6.0 -24 36 33 56 5.6

QTez which results.in the second smallest -tem.perature deriyative LA13C (8956805 e) 61 -25 36 33 57 57
in the present series, after GO'he 13C shielding constant in IAI3C(B0Se82Se) 81 -33 48 44 74 7.4
CS is the most sensitive to temperature and solvent effects in *A™C(?Se$?Se) 10.0 -41 59 92 92
this series of molecules. . .
The effect of the choice of force field was tested for,Cé Seae'?hgpfbdo';",fﬁ; ?ﬁg‘tf‘,ew I7thb rsejg’ e&;}j’r;F‘ﬁﬁf‘;ﬁ?@gﬁg;‘?‘;mﬁg
we computed the rovibrational averages also by using the measured in liquid §Ds solution?® 4 Nonrelativistic calculations reported
accurate CCSD(T) cubic anharmonic force field by Martin et in ref 21.
al5® The CCSD(T) force field produces total shielding correc- magnitude of the total isotope shifts. The shift for symmetric
tions smaller in magnitude by about 1%®&K and 3% at 300 isotopomers (i.e., with the same isotopes of the X nuclei) is
K, as compared to our force field. This is largely due to a change about 5% larger than the shift of the isotopomer with the same
in the NR contribution. However, a larger effect of the choice mass but different isotopes of X.
of the force field is seen in the temperature derivative of the In comparison with experimental data, the NR calculation
shielding at 300 K. The CCSD(T) force field diminishes the gives as expected reasonable isotope shifts for. @ile the
derivative by 13% when compared to the result obtained with small SO correction brings the total results closer to the
the MP2/RECP force field. experimental values, our approximations easily cause uncertain-
The results for the temperature derivative of the absolute ties of the same order of magnitude. The SO correction is 3%
shielding display the difficulties in using this property as a means of the magnitude of the NR contribution. In the case 0LCS
to compare theory and experiment. The situation is completely the NR isotope shifts are already a bit smaller than the
different for the isotope shifts discussed in the next section. experimental ones. As the SO corrections reduce the total shift
4.4. 1sotope Shifts of thel3C Shielding Constants.The further, the agreement between theoretical and experimental
secondary one-bond isotope shifts at 300 K are shown in Tablesshifts deteriorates slightly. Nevertheless, the theoretical calcula-
7, 8, 9, and 10 for Cg CS, CSe, and CTe, respectively. tions produce qualitatively correct isotope shifts. The effect of
The magnitude of both the NR and SO contributions to the using the CCSD(T) force fiel is an increase of about 3% in
isotope shifts of thé3C shieldings increase linearly with the both NR and SO contributions as well as the total shift. Provided
total mass of the molecule. This causes therefore a shift of thethat the solvent effects are small (which is not necessarily the
corresponding resonance toward lower frequency. The NR case), one can anticipate that the theoretical values would
contributions are positive and the SO corrections decrease theconverge toward the experimental results if a state-of-the-art

liquid samples contain S|gn|f|c§1nF cqntrlbutlons _from solvent LAIC(MSeT8Se) A 25 09 —-13 -12 -20 -21
effects?! There are also uncertainties in the experimental values 1A13C(76se’6Se) A -21 09 -12 -12 -19 -20
due to the indirect determination of the chemical shift relative 1A130(74Se§‘2’38) B -02 01 -01 00 -02 -02
to the reference molecule. The dependence of the absolutelAl%qgse’sose) ¢ tr—0r 10 11 16 16
I . ABC("6se8Se) c 20-08 12 11 19 1.9
shielding on temperature and solvent effects in the reference 1pisc(resersse) c 21-09 12 11 20 20
molecule also influences the results. IAC(76Se82Se) D 39 -16 23 22 36 36
An impressive SO effect is the calculated 80% decrease in A C("*Sel’Se) g 41-16 25 22 38 38

E
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Table 10. Theoretical DFT Isotope Shifts for CTe, at 300 K?
8
isotope shift NR SO total NR N
LAI3C(123Te 122Te) 0.3 —0.2 0.1 56 |SaNRsS0
IAL3C(124T @ 122T¢) 0.7 0.4 0.3 g
IA13C(123T g 123T¢) 0.7 -0.4 0.3 £, %
IAI3C(125Te 122T¢e) 1.1 -0.7 0.4 @
IAL3C(124T@ 123Te) 11 -0.7 0.4 5,
IAI3C(126Te 122Te) 1.4 -0.9 05 Nl
IAIC(124Te 124Te) 1.4 -0.9 0.5 o
IAI3C(125T e 123Te) 1.4 -0.9 0.5 = o 4
TA13C(126T @ 123T¢) 1.8 -1.1 0.7 E&
IAI3C(125T g 124Te) 1.8 -1.1 0.7 2 1
IAI3C(128Tp 122T ) 2.1 -13 0.8
IATC (1257 125T ) 55 12 08 (76=13-76) (76=13=80) (76-13-82) (78=13-82) (80=13-82)
IAI3C(126T e 124T ) 2.2 -1.4 0.8 Isotopomer
IAL3C(128Te 123Te) 25 -1.6 0.9 Figure 1. Comparison of the calculated (present work) and experin¥éntal
IALC(126Tg 125Te) 25 -1.6 0.9 secondary one-bond isotope shifts'8@ shielding for CSgat 300 K. The
IALC(130Te 122T¢) 2.8 -1.8 1.0 reference is the’Se=13C=78Se isotopomer. The calculated shifts are
IAL3C(128Te 124Te) 2.8 -1.8 1.0 presented both at the nonrelativistic (NR) level and with sirbit
1IA13C(126Te 26T ) 2.8 -1.8 1.0 corrections (NR+ SO).
IAL3C(130T e 123T¢) 3.1 -2.0 11
IAI3C(128Te 125Te) 3.2 -2.0 1.2 Table 11. Temperature Derivatives of the Isotope Shifts of 13C
IAI3C(130Te 124Te) 35 2.2 1.3 Nuclear Shielding Constant in CX; (X = O, S, Se, Te) at 300 K&
1AL 12 12 —
1§1§€Ew§2}223 g:g _g:i i:i method oy csy cse,! CTey
IAISC(130Te 126Te) 42 —2.7 1.5 DFTT  —11.4(-11.4) -10.2-105) -25(-4.3) —0.7(-1.6)
IAI3C(128T 128T ) 42 —2.7 1.5 DFT9 —10.4(-10.7)
IA13C(130T g 128T¢) 49 -3.1 1.8 exptl —-10.9(3) —2i
IA13C(130T g 130T¢) 55 -35 2.0

aResults in 103 ppb/K. SO-corrected results with the NR values in
parenthese®.oc(1%0,180) — 0¢(1%0120). ¢ 0¢c(32S34S) — 0c(32S32S).
4 0c(8%Se80Se) — oc("8Se’Se) (E-D splitting in the spectrum of Figure
2a in ref 21).2 oc(13Te 3Te) — oc(128Te 13%Te). f Present work with the
MP2/RECP force field9 Present work with the CCSD(T) force fie¥.
h Present value in liquid solutiohPrevious value in liquid §Dg solution?!

21n ppb. One-bond isotope shifts with respect to ¥ e=13C=122Te
isotopomer. See footnogein Table 7.

ab initio shielding surface would be used with the CCSD(T)
force field. The magnitude of the SO correction is 5% of the

NR contribution and hence not negligible for £3he present 46 reliable also for Che The magnitude of the SO correction

experimental values are slightl){ larger than the previous 6nes. is 65% of the NR contribution, and the SO effect therefore
This can be due to the use of different solvents. However, both significantly reduces the magnitude of the isotope shifts in this

XZ:EZ? are accurate enough for comparison with the CalCUIatedmolecule as well.

There are both theoretical (NR) and experimental data by . . N
Lounila et al?! for CSe. The present NR shifts are slightly secondary isotope shifts on th& shieldings at 300 K can be

larger than the previously calculated complete active space S€€N in Table 11. The SO interaction decreases the magnitude
(CAS) MCSCF and DFT results. The small difference may be of the temperature derivative. In g3$he CCSD(T) force field
due to the different gauge origin methods (presently IGLO and increases the magnitude of the derivative by 2%. This is in the
CGO and GIAO in ref 21), basis sets, correlation treatment right direction as the experimental value is still somewhat larger.
(choice of the active orbital space and the exchange-correlationThe experimental result is very sensitive to the quality of the
functional), and the calculated force fields. While the NR results spectra. Hence, the experimental value approached the calculated
overestimate the shift by a factor of 2 as already observed in value as the measurements were improved. The SO effect in
ref 21, the present total isotope shifts converge practically to CS; is somewhat larger than in GOT'he calculations predict a
the experimental values when the SO correction is taken into 3% SO contribution for the heavier molecule. The magnitude
account. The SO effect is 40% of the magnitude of the NR of the temperature derivative of the isotope shift decreases by
contribution. This is illustrated in Figure 1. 40% in CSe due to the SO correction, in good agreement with
The dependence of the calculated total isotope shifts on thethe experimental value. The SO effect again explains the
total mass of the isotopomer is slightly larger than observed previously reported discrepancy by a factor of 2 between
experimentally, indicating that there may be room for improve- experimental and computed temperature derivafiv&sgures
ments in the calculations. However, the present agreement with2 and 3 illustrate the SO effect on the temperature dependence
experiment offers convincing evidence for the importance of of representativé3C isotope shifts in CSand CSe, respec-
the SO contributions for secondary isotope effects on nucleartive|y_ The SO correction does not change the slope of the
shieldings. For CTg neither experimental nor theoretical data isotope shift in CS from the NR value. Its only effect is a
are available for comparison. Based on the_ results for_ the other yownward displacement of the line describing the temperature
molecules, we can expect that the present isotope shiftsor dependence. Not only does the SO effect bring the isotope shifts
close to the experimental values for GSleut it also corrects
the slope of the temperature dependence. The temperature
derivative of the isotope shift of C}elecreases by 55% due to
the SO correction.

The SO effects on the temperature derivative of the main

(69) Raynes, W. T.; Fowler, P. W.; Lazzeretti, P.; Zanasi, R.; Graysoidll.
Phys.1988 64, 143.

(70) Wasylishen, R. E.; Friedrich, J. O.; Mooibroek, S.; Macdonald, J1.B.
Chem. Phys1985 83, 548.

(71) Hiltunen, Y.J. Magn. Reson1991, 92, 170.
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Figure 2. Calculated and experimental temperature dependence of the one-
bond secondary isotope shittc(33S234S) — 0¢(32S232S) in CS. The
experimental error limits are also shown.
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Figure 3. Calculated and experimental temperature dependence of the one-

bond secondary isotope shifg(8°Se8%Se) — oc("8Se8%Se) in CSe (E—D
splitting in the spectrum shown in Figure 2a of ref 21).

5. Conclusions

A theoretical first principles study of relativistic sptorbit

contribution that diminishes the effects calculated at the
nonrelativistic (NR) level. In CTg the magnitude of the SO
contribution is 65% of the magnitude of the NR contribution
in the13C isotope shifts and 55% in the temperature dependence
of the shifts. Hence, it is evident that one has to take SO
coupling into account in calculations of the present properties
for molecules containing heavy elements such as@se CTe.

The SO contribution brings the theoretical and experiméf@al
isotope shifts for CSeinto close agreement. The previously
observed difference of a factor of 2 is shown to be fully due to
the neglect of the SO effect, resulting in the overestimation of
the isotope shifts and their temperature dependence.

In contrast, it is much more difficult to compare theory and
experiment for the absolute shielding or its temperature depen-
dence. The present underestimation of the temperature depen-
dence of the absolute shielding in G3ecreases when taking
the SO effect into account. This reflects problems in the
experimental procedure, involving both the temperature depen-
dence of thé3C shielding in the reference molecule, and solvent
effects on the investigated molecule as well as the reference
molecule.

Through the experimentally convenient secondary isotope
effects, the present work provides a novel demonstration of an
important relativistic effect in chemistry.
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