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Abstract: We investigate the effects of zero-point vibrational motion on the nuclear magnetic shielding constants
of a large number of organic molecules. The vibrational corrections include anharmonic contributions from
the potential energy surface and harmonic contributions from the curvature of the property surface. Particular
attention is paid to vibrational corrections to hydrogen shielding constants where we show that vibrational
corrections may be substantial, ranging from abb0150 to—0.70 ppm, and thus demonstrating that ignoring
these effects may give errors in tbeemical shiftdy more than 1 ppm in certain extreme cases. These effects
can therefore not be neglected when comparing calculated results with experiment, not even for the chemical
shifts. However, we also demonstrate that the vibrational corrections to the hydrogen shieldings are to a large
extent transferable from one molecule to another. We have tabulated functional vibrational corrections to the
hydrogen shieldings, based on results for more than 35 molecules. Unfortunately, no similar transferability
has been observed for the vibrational corrections to shielding constants of other nuclei such as carbon, nitrogen,
or oxygen.

I. Introduction approach was not explored to any large extent until the be-
+ ginning of the 1990s (although important work was presented

Today, nuclear magnetic resonance (NMR) is one of the mos . ‘ )
y g ( ) by Kutzelnigg and co-workers already in the mid-1989slue

important spectroscopic tools for characterization of molecules. . o ) -
Given the abundance of hydrogens in most organic molecules, 1© Problems with gauge-origin dependence in approximate wave

much of its success has been due to the ease with which ondunction calculation8:1°In 1990 Wolinski, Hinton, and Pulay
can analyze, in particular, proton NMR spectra through various presented th? firs_t ef_ﬁcient implemen_tation for calcule_lting nu-
“rules-of-thumb” for the chemical shifts of hydrogens belonging clear magnetic shielding constants using London atomic orbitals

to different types of functional groupg. The success of these and analytical derivative’d,and the field of theoretical calcula-
¢ tions of NMR parameters has grown steadily ever since, with

rules-of-thumb is somewhat surprising, considering the fact tha X . - .
the nuclear magnetic shielding is a most sensitive probe of the Several recent meetings and reviews being devoted to the topic
of theoretical predictions of NMR parametéfd2-18 Gauge-

molecular electronic structure in the vicinity of the nucleus, as ~'. """’ ) N
exemplified by NMR’s utility as an important tool for inves- origin independent approaches for calculating shielding constants
have now been presented for almost any correlated wave

tigating intra, intermolecular, and solvent effects because of the]c ion19-25 2s h hes f ing | lecul
way these perturb the shielding constants in a molettie: unctlorge_zs as have approaches for treating large molecular
larger molecules, decoupling the effect of external (or internal) SYStems-

The main focus of most of these developments has been on

perturbations on the large number of nuclei available to NMR he el X ibuti he shieldi q
investigation may be difficult. Significant advances here have the electronic contributions to the shielding constants an
been achieved experimentally through high-field NMR instru-  (7) Schindler, M.; Kutzelnigg, WJ. Chem. Phys1982 76, 1919.
ments, but at the expense of introducing additional observable __(8) Kutzelnigg, W.; Fleischer, U.; Schindler, M. MR Basic Principles

C L . - .~ ~and ProgressSpringer, Berlin Heidelberg, 1990; Vol. 23, page 165.
mggnetlc-fleld dependence into thg nuclear shle[dlng anekspm (9) Epstein, S. TJ. Chem. PhysL965 42, 2897.
spin coupling constant An alternative approach is to combine (10) Helgaker, T.; Jaszski, M.; Ruud, K.Chem. Re. 1999 99, 293.

experimental observations with theoretical calculations. This 8253111) Wolinski, K.; Hinton, J. F.; Pulay, B. Am. Chem. S099Q 112,
* Corresponding author. Present address: Department of Chemistry, (12) Chesnut, D. BAnn. Rep. NMR Spectrost994 29, 71.

University of Tromsg, N-9037 Tromsg, Norway. (13) Gauss, JBer. Bunsen-Ges. Phys. Cheh®95 99, 1001.
T University of California. (14) de Dios, A. CProg. Nucl. Magn. Reson. Spectro4896 29, 229.
*Risg National Laboratory. (15) Jameson, C. Annu. Re. Phys. Chem1996 47, 135.
(1) Grant, D. M., Harris, R. K. EdEncyclopedia of NMRWiley: 1996. (16) Fukui, H.Prog. Nucl. Magn. Reson. Spectro4®97, 31, 317.
(2) Abraham, R. JThe Analysis of High-Resolution NMR Spectra; (17) Contreras, R. H.; Facelli, J. @nn. Rep. NMR Spectrost993
Elsevier: Amsterdam, 1971. 27, 255.
(3) Abraham, R. J.; Loftus, FProton and Carbon-13 NMR Spectros- (18) Schreckenbach, G.; Ziegler, Theor. Chem. Accl998 99, 71.
copy: An Integrated ApproacliHeyden, London, 1979. (19) Gauss, JChem. Phys. Lettl992 191, 614.
(4) Facelli, J. C., de Dios, A. C., EddModeling NMR Chemical Shifts: (20) Gauss, JJ. Chem. Phys1993 99, 3629.
Gaining Insights into Structure and Einonment ACS Symposium Series (21) Gauss, JChem. Phys. Lettl994 229, 198.
372 Oxford University Press: New York, 1999. (22) Ruud, K.; Helgaker, T.; Kobayashi, R.; Jgrgensen, P.; Bak, K. L.;
(5) Ramsey, N. FPhys. Re. A 197Q 1, 1320. Jensen, H. J. Aal. Chem. Phys1994 100, 8178.
(6) Raynes, W. T.; Stevens, S.Magn. Reson. Chenl992 30, 124. (23) Gauss, J.; Stanton, J. F.Chem. Phys1995 102 251.
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accurate treatments of the electron correlation effects. On thevibrational corrections to the nuclear shielding constants of 38
other hand, studies on small molecules have demonstrated thabrganic molecules, ranging in size from methane to benzoic acid.
the effects of nuclear motion may be as important as electron The rest of the paper is divided into four major sections. In
correlation for a detailed comparison with experim&nts In section Il we briefly summarize our approach for calculating
many cases, vibrational corrections may even be as large asero-point vibrational corrections to molecular properties. Sec-
the correlation effect itself, a striking example being the nitrogen tion Il summarizes the computational details for the calcula-
shielding constant in ammonta:at the Hartree-Fock level, tions. In section IV we discuss our results. However, because
the nitrogen shielding constant is 262 ppm. Electron correlation of the large amount of calculated data, focus will be on general
(at the MCSCF level) increases the shielding to 274 ppm trends and observations.Section IVA will discuss in some more
(although probably slightly overestimating the correlation effect), detail the results obtained for aromatic systems, since these
and zero-point vibrational corrections then reduce it to 267 ppm. systems clearly demonstrate the transferability, as well as the
The experimental result is 264.5 ppm, and it would thus appear limitation of this transferability to theibrational contributions

that the HartreeFock approach performs better than the to the hydrogen shielding constants. In section IVB we present
correlated approximation if vibrational effects are neglected. our suggested vibrational corrections to theoretically calculated
Even though this is misleading, including electron correlation nuclear shielding constants, before comparing these predictions
without taking into account zero-point vibrations may give an with experimental observations. Finally, in section V we discuss
incorrect impression of the accuracy of the calculated value asthe implications of our work for future theoretical studies of
compared to experimental nuclear shieldings. We recently nuclear shieldings and give some concluding remarks.
presented a method for calculating vibrational corrections to

molecular properties in which the vibrational wave function was 1I. The Molecular Vibrational Wave Function

considered to be a product of simple harmonic oscillatb?S. We will not discuss our method for calculating the zero-point
The anharmonic contributions were included by shifting the ;i ational corrections to the nuclear shieldings in detail, as the

molecular geometry from an equilibrium geometry 10 an eqry has been discussed extensively in several previous
effectve geometryhere the main anharmonic contributions to papersi23435 However, for completeness we give a brief
the vibrational average vanishes. It could also be shown that g, eriew of our approach, since it differs from the methods
this effective geometry is, to second-order in perturbation theory, ,q,51ly applied to the calculation of zero-point vibrational effects
identical to the vibrationally averaged geometry. We applied properties, and some parts of our later discussion will also
our approach for accurate calculations of zero-point vibrational require a basic understanding of the method.

corrections to a range of molecular properties for the 10-electron . pasic ansatz is to determine an effective geomety,

. ) 2 . ;
hydride Series HF, 0, NH3’. and CH. _An interesting in a variational approach by minimizing the energy functiéhal
observation was that the vibrational corrections to the hydrogen

shieldings seemed to be independent of electron correlation. This LN
lack of electron correlation effect on the hydrogen shieldings EO=\O L 7%, (1)
has also been observed by Chesnut for a different set of TP oL P

molecules’® It was also noted in this work that the hydrogen
shieldings were quite sensitive to the size of the one-particle
basis set as well as the importance of rovibrational corrections
Another interesting observation for the hydrogen shielding in
the 10-electron hydrides was that the vibrational corrections
themselves seemed to be almost identical for all four mol-
ecules®? Since the corrections were large, abet@.60 ppm,
and significantly larger than any electron correlation contribu-
tion, it would clearly be of interest to investigate if it is possible
to find a set of transferable parameters for the vibrational
corrections to hydrogen shielding constants, in much the same
way as Pascal’s rule uses transferable atomic magnetizabilities

with respect to the expansion pointy, Here Véox)p is the
"potential energy andeyp; is the harmonic frequency for mode

i, both calculated at the expansion poirty N is the number

of vibrational modes. The second term on the right-hand side
of eq 1 is the zero-point vibrational energy. If a perturbation
expansion is carried out aroungk instead of around the equi-
librium geometryr, following the strategy as employed by Kern
and Match& for an expansion around, several things are
noted32:34.3539The effective geometry may be determined as

. . . - - 3)
for calculating molecular diamagnetic susceptibilifief this 1 N er,jmm
work we explore this possibility by calculating zero-point Feftj = Tej __4w2 » 2
M= em
(24) Gauss, J.; Stanton, J. F.Chem. Phys1996 104, 2574. &l
(25) Christiansen, O.; Gauss, J.; Stanton, JCkem. Phys. Lett1997,
266(122)3k e, VL. G JChem. Phys. Let1996 260, 639 where V®) is the cubic force field, and where we have used
ollwitz, M.; Gauss, em. Phys. Let . wai f i _
(27) Wolinski, K - Haacke. R.: Hinton, J. F.: Pulay. > Comput. Chem. mass-weighted qoorqllnates. We note that this geometry corre
1997 18, 816. sponds to the vibrationally averaged molecular geometry to
(28) Kollwitz, M.; Haser, M.; Gauss, J. Chem. Phys1998 108 8295. second-order in perturbation theory. The reason is that for this

Saszj) \éViQPQ'%ngrE-F?H? sRZ%}(I)Tle:SL’l\é,V'?g(;S Kirpekar, S.; Oddershede, J.; choice of expansion point the leading first-order correction to
(30) Wigglesworth, R. D_.yRaynes W. T Kirpekar, S.; Oddershede, J.; the vibrational wave function vanishes and, consequently, that

Sauer, S. P. AJ. Chem. Phys200Q 112, 3735. the leading term to the vibrational average of a molecular
(31) SundholmAD.; Gauss, Wol. Phys.1997 92, 1007. property arising from the anharmonicity of the potential is
266(3%2) Ruud, K.; Astrand, P.-O.; Taylor, P. B. Chem. Phys200Q 112, included implicitly by the shift of expansion point. The leading
(33) Chesnut, D. BChem. Phys1997, 214, 73. terms in a zero-point vibrationally averaged molecular property
(34) Astrand, P.-O.; Ruud, K.; Sundholm, Dheor. Chim. Act&200Q [(POmay thus be obtained as
103, 365.
(35) Astrand, P.-O.; Ruud, K_; Taylor, P. B. Chem. Phys200Q 112, (37) Astrand, P.-O.; Karlstra, G.; Engdahl, A.; Nelander, B. Chem.
2655. Phys.1995 102, 3534.
(36) Ruud, K.; Skaane, H.; Helgaker, T.; Bak, K. L.; Jgrgensenl. P. (38) Kern, C. W.; Matcha, R. LJ. Chem. Phys1968 49, 2081.

Am. Chem. Sod 994 116 10135. (39) Lounila, J.; Wasser, R.; Diehl, Rlol. Phys.1987 62, 19.
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LN P(ng__ Table 1. Molecules Studied in This Investigation
eff,ii

P= Py + IZIP(ZO)Qﬁ =P+ —Z () class molecules

4= et hydrocarbons methane, ethane, propane, cyclopropane,

butane, 2-methylpropane, ethene, propene,
where P9 is the second derivative of the property surface ﬁﬁ:gﬁﬁgﬁgeéfgﬁﬁi& gag“f&%?gféb“te”e’
calculate(_j ate. The leading term in t_he \_/lbratlonal average is cyclobutadiéne, ethyne, p,ropyne '
thus obtalneql as a sum c_)f two _contrlbutlons, whe_re the first IS alcohols methanol, ethanol, 1-propanol,
due to the shift of expansion point and the second is a harmonic 2-propanol, 3-hydroxypropene
term obtained from the curvature of the property surface and ketones/aldehydes formaldehyde, ethanal, propanal, cyclopropanone
the harmonic frequencies etheres dimethyl ether, oxirane
' acids formic acid, propanoic acid
. . amines ethanamine, 1-propanamine, 2-propanamine

lll. Computational Details aromatics benzene, phenol, aniline, toluene, benzoic acid

All of the results reported here have been obtained with a locally
modified version of the Dalton quantum chemistry progféim,which Table 2. Contributions to the Isotropic Shielding Constants of
the approach for calculating effective molecular geometries and zero- Methane as Obtained at the Hartre®ock Levet
point vibrational averages has been implemented recé&itiyzor all
molecules we have used the valence tripleasis sets developed by Oe Okt ot —0e  OP0  BlEey o]
Ahlrichs, Horn, and ScHar,*! with an extra polarization function for o 197.83 19529 —254 —0.66 —3.20 194.63
each atom with exponents 0.8 (H/C), 1.0 (N), and 1.2 (O). This basis ¢gH 31.96 31.54 —0.42 —0.17 -0.59 31.37
set has been used extensively in MP2 and CCSD calculations of nuclear a — -
shieldings by Gauss and co-worké?8%2124and a recent review “All shielding constants reported in pprae and oer are the
demonstrates the excellent behavior of this basis set for the calculationshieldings at the equilibrium and effective geometry, VQSPGCEX%@D
of nuclear shielding consta&As our main focus will be on the 1S defined in eq 3igLis the vibrationally averaged shielding amdzey

P ] - is the difference betwee@Clandoe. Equilibrium bond length is 108.30
hydrogen shieldings, for which electron correlation effects seem to be 1S © ) .
negligible both for the shieldings themselfesms well as their P nd the bond length at the effective geometry is 109.51 pm.

vibrational correction& all calculations reported here have been
restricted to the HartreeFock level.

We note that our zero-point vibrational corrections have been
evaluated using the most abundant isotope for each atom in each
molecule. Strictly speaking, therefore, it is not correct to report zero-
point vibrational corrections to the shieldings of nuclei such as carbon
and oxygen, since the observable isotopes of these atoms are most likel

to be'*C and'’O, respectively. However, the error introduced by this ) . :

approximation is likely to be much smaller than the error introduced Grg\r;_ger_,dand Stlrlc’ﬁeflddressec_i this p0|ntaTheylfoEnd(;ha(§Lor gas&;ous

by the neglect of electron correlation effects when evaluating the nuclear ahn h'%u' samr[])' elfi ree rotations farhoun IS |ng|e _on_f_s : | nort] N ?fnge

shielding constants for these heavier atoms, and we can ignore it here.t € hydrogen shielding constants Oot € molecule signi lcant_y, t e ect
The geometries of the molecules were optimized using the first- in general being much less than 1% of the electronic contribution. For

order methods implemented in the Dalton program and described by our purpose, we consider the neglect of these imaginary modes to be

Bakken and Helgaké?. The geometries were verified to be true minima well justified. As will be seen, even for molecules where imaginary

by a calculation%f thé harn%onic force field at this geometry. Effective frequencies do occur, the transferability of the zero-point vibrational
. B - 7 corrections to the hydrogen shieldings still remains, indicating that the

geometries were obtained according to eq 2. At the effective geometry, neglected modes zo ngot contributg(]e significantly to the zgro-point

translational and rotational forces acting on the molecule due to the . . .

use of a nonequilibrium geometry were projected out. In a few cases vibrational corrections.

imaginary frequencies were obtained at the effective éeometry Thesé All optimized and effective geometries (in Cartesian coordinates)

imaginary frequencies were in all cases associated with localized internal® available as Supportlng Informatlo.n, asare all calculateq shielding

. . constants and corresponding zero-point vibrational corrections.

rotations about one or more bonds, such as rotations of the OH group

in some of the alcohols, rotation of the Mgtoup, or rotations of methyl IV. Results

groups. Imaginary frequencies also occurred in previous work where ~ "~ *

intermolecular vibrations of bimolecular complexes were investigéted. Shielding constants and their vibrational corrections have been

It was argued that these low-frequency modes can be decoupled fromealculated for a total of 38 molecules, and these molecules are

the other modes in a BorrOppenheimer-type of approximation and  |isted in Table 1.

thereby be treated separately. In this work we have also ignored the We will not discuss all of the results but focus on a few

imaginary frequencies. For some molecules for which one would expect particular systems. We will start our discussion with the simplest

imaginary frequencies to appear on the basis of the criteria just given, | | th f hich It lected
they did not occur. An analysis of the normal modes in these instances,,exam]p €, namely methane, Tor which our resufts are collecte

such as for instance propyne, shows that the internal rotation is strongly!" Table 2. For this molecule, we may also compare the results
coupled to the vibration of other atoms in the molecule: in this case, With our previous calculations including electron correlafién.
the internal rotation of the methyl group is strongly coupled to a It is observed that the zero-point vibrational correction to the
simultaneous bending of the acetylenic hydrogen. hydrogen shielding is sizable;-0.59 ppm, and compares
Because the molecules for which we obtain imaginary frequencies favorably with our correlated result 6f0.60 ppm?? Interest-
at the effective geometry have essentially free internal rotations, it may ingly, our zero-point vibrational correction to the carbon
(40) Helgaker, T.; Jensen, H. J. Aa.; Jargensen, P.: Olsen, J.; Ruud, K.;Shielding is identical to our MCSCF correction in ref 323.20
Agren, H.; Andersen, T.; Bak, K. L.; Bakken, V.; Christiansen, O.; Dahle, ppm. However, this is undoubtedly a basis set effect, as the
E-?_ JDalSkOV' EDKK EnEVOMSS?P(' EG Ferﬁ‘_agd_eé, Br}; Ee-itl)v?'rli '|4 Heéte\f}‘?' Hartree-Fock result in ref 32 is-3.07 ppm. Although this result
Narman. B Packer M. 3 Saue, ?/;aTsayl}lor','P.olg.;'véhtralxsogusoenn,’ar{ “ may seem to imply that also carbon shieldings and their
ab initio electronic structure programRelease 1.0; 1997See http:/ vibrational corrections may be correlation-independent, there

www.kjemi.uio.no/software/dalton/dalton.html is ample evidence for the contral¥.
(41) Schiger, A.; Huber, C.; Ahlrichs, RJ. Chem. Phys1994 100, 5829.
(42) Bakken, V.; Helgaker, T. To be published. (43) Baaden, M.; Granger, P.; Strich, Mol. Phys.200Q 98, 329.

also be argued that this intramolecular motion cannot be treated by a
simple perturbation expansion around the effective geometry or
equivalently around the equilibrium geometry, but instead should be
treated by a full exploration of the potential energy surface associated
with the internal rotation. Such an approach would be very time-
onsuming for the molecules studied here, and we have not pursued
his further. However, we note that a recent investigation by Baaden,
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Table 3. Contributions to the Isotropic Shielding Constants of tional corrections to the carbon shielding are also remarkably
Propane as Obtained at the Hartre¢ock Levet unaffected by the exchange of a hydrogen with a hydroxy group
e et Ot —0e 00  Bley 0 (3.20 ppm in methane and 3.44 ppm in methanol). The zero-

S 17784 17611 —173 —349 —522 17262 point vibrational corrections are fairly large for all nuclei,
o€ 178.65 17841 —024 —402 —426 174.39 although not relative to the electronic contribution, the vibra-

oM 31.34 31.34 000 -067 —067 30.67 tional corrections being less than 2% for all shieldings. We note
o 3160 3156 —0.04 —-0.66 —0.70  30.90 that the corrections to the oxygen shielding are rather small for
o'm 3121 3098 -0.23 -047 -070 3051 this molecule, in part because the zero-point vibrational cor-

a Al shielding constants reported in ppm. For a definition of all ~ rection itselfis small, but this is further accentuated by the large
quantities, see Table 2. electronic contribution. This situation can be contrasted with,

for instance, the case of benzoic acid (vide infra).

There have been several discussions in the literature as to For methanol, we also note that the difference in the zero-
whether MP2 optimized geometries or experimental geometries point vibrational corrections for the methyl protons and the
are the best structures to use in calculations of nuclear shieldinghydroxy proton are large, being0.60 ppm and 0.26 ppm,
constant$4111t is clear from the discussion in section Il that respectively. Thus if one considers only the electronic contribu-
the effective geometry corresponds, to a very good approxima-tion to the shielding, the error even in the internal chemical
tion, to the vibrationally averaged molecular geometry. It can shifts in methanol will be almost 0.90 ppm, that16% of the
therefore be argued that by using the experimental geometryentire chemical shielding range of protorSlearly, for mol-
one may indirectly recover some of the vibrational corrections, ecules containing such polar groups zero-point vibrational
namely the most important contribution arising from the corrections cannot be neglected. However, it is important to
anharmonicity of the potential surfageThus, if this term realize that this result applies to results in the gas phase, and in
dominates the vibrational corrections, most of the vibrational @ comparison with experimental chemical shifts obtained in the
effects would implicitly be accounted for by using experimental liquid phase, the observed chemical shifts are likely to be
ro geometries. The results for methane would seem to validate strongly modified by the solvent, in particular if the proton of
such an approach, since the shift in the geometry accounts forinterest can be involved in hydrogen bonding. It should also be
about 70% of the vibrational correction for both the carbon and noted that the potential surface of an alcohol is strongly modified
the hydrogen shielding constants. in the neat liquid, which is realized from the equilibriunOH

It is then instructive to consider a closely related molecular = —O~ + H™ occurring in the liquid phase. It would clearly
system, namely propane, and the results for propane are collected® Of interest to investigate in more detail the effects of hydrogen
in Table 3. For all shieldings in this molecule, the shift in onding in the liquid phase on both the electrdhf¢ and the
geometry gives a significantly smaller contribution to the zero- Z€ro-point vibrational contributions to the hydrogen chemical
point vibrational corrections than that arising from the harmonic Shifts. ) o )
term in eq 3. More importantly, calculating the shielding atthe ~ A- The Aromatic Molecules. We will discuss in some
effective geometry while not accounting for the harmonic term additional detail the aromatic molecules included in this study:
would change the relative chemical shifts of the protons on the benzene, toluene, aniline, phenol, and benzoic acid. These mole-
middle carbon relative to the terminal protons. This is due to cules clearly demonstrate the transferability of the vibrational
the fact that the former has a sizable contribution from the shift corrections to the hydrogen shieldings for hydrogens belonging
of expansion point, whereas this contribution to the latter is to similar functional groups, and equally clearly demonstrate
negligible. The difference would be even more dramatic if we the lack of such transferability for the vibrational corrections
tabulated the relative chemical shifts of propane to those of 10 the carbon shielding constants, as well as for the electronic
methane, where errors in the chemical shifts of 0.40 ppm would contribution to both the hydrogen and carbon shieldings.
be introduced if the harmonic term had not been included. For ~ The results for benzene, toluene, aniline, phenol, and benzoic
these structurally related protons, it would actually be more acid are collected in Tables—®. We will in this discussion
advantageous to use optimized molecular structures and ignordgnore all atoms except the aromatic carbon atoms and the
zero-point vibrational effects altogether when estimating relative Nydrogen atoms directly attached to the phenyl ring. We note
chemical shifts, as we will return to in section IVB. It is inter- that for all molecules, the vibrational corrections to the hydrogen
esting to observe the transferability of the zero-point vibrational Shieldings are almost independent of their positionth-,
corrections despite the fact that the relative contributions to the Met&, or para) relative to the functional group. This observa-
zero-point corrections of the two terms vary considerably. fionisin marked contrast to the electronic contributions to the
Possibly there may exist an alternative representation of the hydrogen shieldings, for which the position of the hydrogen
vibrational wave function that would be more suitable for the relative to the functional group is clearly reflected in the nuclear
calculation of vibrational corrections to hydrogen shieldings. Shielding. Itis also interesting to note that the zero-point vibra-

We also discuss briefly an example involving a strongly polar tional corrections are more or less independent of the functional
group, choosing for simplicity methanol. The results for this group attached to the_ phe“Y' rng, _and thus the different
molecule are collected in Table 4. Considering the very different vibrational modes associated with the different functional groups
electronic distribution in methane compared to that in methanol, d° not affect theh wbraﬂonz;l corlr iCtIOI;]S to the aromatic hydro-
because of the polarity of the hydroxy group, it is remarkable ghenst.)We hote, O}Ne\’?r’t at, although the differences are small,
that the zero-point vibrational corrections to the methyl protons the benzene molecule gives rise to zero-point V|brat|on_al
in methanol are basically identical to those in methane, whereascorrections slightly different from those of the other aromatic
the electronic counterpart becomes less shielded by almost 3melecules. o .
ppm. We will see that this is a unique feature of the zero-point In marked contrast, _the zero-point vibrational corrections to
vibrational corrections to the hydrogen shieldings. The vibra- the carbon shieldings in the phenyl group depend strongly on
(45) Nymand, T. M.; Astrand, P.-O.; Mikkelsen, K. V. Phys. Chem.

(44) Sieber, S.; Schleyer, P. v. R.; Gauss]).JAm. Chem. Sod.993 B 1997 101, 4105.
115 6987. (46) Nymand, T. M.; Astrand, P.-Ql. Chem. Phys1997, 106, 8332.
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Table 4. Contributions to the Isotropic Shielding ConstantdM#thanol as Obtained at the Hartre&ock Levet

Oe Oeff Oeff — Oe @'(ZO)D [ 3py &0
o° 148.60 147.07 —1.53 —-1.91 —3.44 145.16
348.35 350.97 2.62 —-7.13 —4.52 343.83

oHL@B 29.35/29.22 29.09/28.96 —0.26/0.26 —0.35+0.35 —0.60+0.61 28.75/28.61
ot 32.96 33.45 0.49 —-0.24 0.26 33.22

a All shielding constants reported in ppm. For a definition of all quantities, see Table 2.

Table 5. Contributions to the Isotropic Shielding Constants of
Benzeneas Obtained at the Hartre€ock Levet

Table 8. Contributions to the Isotropic Shielding Constants of
Phenol as Obtained at the Hartre€&ock Levet

Oe O Oei—0e 090  [Blzey B0 Oe Ot Oet—0e 0630 By 00
o® 5946 5816 —1.30 —-2.07 -—-3.37 56.09 of 30.33 29.43 -090 —-3.06 —3.96 26.38
ot 24.81 24.69 —-0.12 —-0.26 —0.38 24.42 GE 70.40 69.00 —1.40 —294 —-4.34 64.66
a All shielding constants reported in ppm. For a definition of all 7, 79.06 7773 —133 —327 —4.60 74.46
guantities, see Table 2. gg 74.42 73.14 —1.28 —3.06 —4.34 70.08
o ) o oS 54.53 53.39 -1.14 316 —4.30 50.23
¥a|ble 6. Cgr;)ttnl:_)u'u(cj)nsi tt?] thﬁ IstOt%OplT( StheIglng Constants of 0; 55.88 5473 —1.15 —292 —4.06 51.82
olueneas Lblained at the Harire®ock -eve o® 25180 257.85 605 —941 -336 24844
e Oeft ot —0e BP0 By | ol 25.80 2566 —0.14 -0.26 —0.40 25.40
H — — —
o¢ 17467 173.15 -—1.52 —4.68 —6.19 168.48 Uﬂ 25.20 25.11 0.09 0.32 0.41 24.80
of 4801 4664 —137 —240 —3.77 4424 o, 2482 2470 -012  -034 -045  24.37
oS 5989 5867 -122 —174 -296  56.93 oy 2493 2481 -012  -031 043  24.50
UE 63.21 6198 -123 —371 -494 5827 oo 2891 2970 080 -022 058 2949
T, 24.96 2484  —0.12 —0.27 -0.40 24.56 a All shielding constants reported in ppm. For a definition of all
gr":] 24.91 2479 —0.12 —-0.27 —-0.39 24.52 quantities, see Table 2.
o 25.06 2495 —0.11 —0.34 -0.45 24.61
oh 2984 2958 -026 —-063 —0.89 28.95 Table 9. Contributions to the Isotropic Shielding Constants of
a|2-| 30.18 2092 —0.26 —0.61 —0.87 29.31 Benzoic Acid as Obtained at the Hartre€ock Levet
— (0)
aAll shielding constants reported in ppm. For a definition of all e Ot Ot —0e 050 [Oldpy o0
guantities, see Table 2. ot 25.50 25.61 0.11 —-1245 -12.34 13.05
o°? 61.34 60.10 -—1.24 2.01 0.77 62.11
Table 7. Contributions to the Isotropic Shielding Constants of oC3 52.26 51.24 —1.02 0.86 —0.16 51.08
Aniline as Obtained at the Hartre€ock Levet oC4 53.22 5221 —-1.01 0.13 —0.88 52.34
o5 54.97 53.90 -1.07 1.94 0.87 54.77
O ot Ow—0. 00 By B0 0% 6262 6154 —1.08 076 032  62.30
of 36.66 3570 —-0.96 —3.35 —4.30 32.36 o¢7 62.00 60.95 —1.05 031 -0.74 61.26
of 77.12 76.45 —0.67 —3.72 —4.40 72.72 OO; —39.71 -4156 —1.85 —31.24 -—-33.09 -72.80
o0 54.99 5369 —1.30 —275 —4.04 50.95 09?2  177.43 179.42 199 —-17.99 -16.00 161.43
m ottt 23.71 23.62 —0.09 —-0.28 -0.37 23.34
o¢ 72.63 7173 -090 —-2.64 -—353 69.10 oH2 23.96 2386 —010 —003 -013 23.83
O'R‘ 212.82 216.38 3.56 —8.35 —4.79 208.03 OHS 24.87 24.77 —0.10 —0.30 —0.40 24.47
a': 25.61 2552 —0.09 -0.32 -041 25.21 ot 24.81 24.71 —0.10 024 —-0.34 24.47
aft 24.94 2482 -0.12 -0.31 -0.43 24.51 ot 24.54 24.44 —0.10 -0.32 -0.42 24.12
UE 25.60 2551 —0.09 —0.34 -0.43 25.17 otte 26.84 27.09 025 -0.81 —0.56 26.28
ON 29.63 30.02 039 -055 -0.16 29.47 a All shielding constants reported in ppm. For a definition of all

a All shielding constants reported in ppm. For a definition of all quantities, see Table 2.

guantities, see Table 2. . .. . . .
partitioning of the nuclei into chemically equivalent sets is used.

the position of the carbon relative to the functional group, as Although it may be argued that for the non-hydrogen shieldings,
do their electronic contributions. Another interesting observation the Hartree-Fock approximation may not be sufficient, we find
is that, in contrast to the hydrogen shieldings, the magnitude of it unlikely that electron correlation will introduce any sort of
zero-point vibrational corrections to the carbon atoms may both transferability in the zero-point vibrational corrections for the
increase and decrease with increasing distance to the functionaheavier nuclei that is absent at the Hartr€®ck level. In the
group, depending on the nature of the substituent (ignoring the rest of this section we will therefore focus our attention on the
ipso-carbon). In toluene, for example, the ZPV corrections zero-point vibrational corrections to the hydrogen shieldings and
increase from thertho- to the para-position (see Table 6), present rules-of-thumb corrections to calculated electronic
whereas the ZPV corrections decrease fromdttho- to the hydrogen shieldings.
para-position in aniline (see Table 7). We would also like to draw attention to the zero-point vi-
Thus, for this class of structurally similar molecules, the brational corrections to the oxygen shielding in phenol and in
unique nature and transferability of the zero-point vibrational benzoic acid. As was the case for methanol, the zero-point
corrections to hydrogen shieldings are clearly displayed. This vibrational correction to the oxygen atom in the hydroxyl-group
class of molecules also provides ample evidence that similaris of very minor importance compared to the electronic con-
transferability does not appear to be possible for the zero-point tribution. In marked contrast to this we find the zero-point
vibrational corrections to the nuclei other than hydrogen vibrational contribution to the carbonyl oxygen in benzoic acid
investigated here unless of course a much more fine-grainedto be almost as large as the electronic contribution itself, leading
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Table 10. Functional Zero-Point Vibrational Contributions to the
Hydrogen Shielding Constants

methane —0.59

—CR:H —0.70+£0.11
=CRH —0.46+ 0.13
=CH —0.76+£0.01
H—-CRO —0.55+ 0.06
RO—H 0.48+0.13
RN—H, —0.18+ 0.03
RCOO-H —0.494+ 0.06
Ar—H —0.39+ 0.06

to an overall doubling of th&’O shielding constant when zero-
point vibration effects are included. Similar observations can

made for the other carbonyl oxygen in the acids, aldehydes,
and ketones investigated here. These findings are in marked
contrast to what have been observed as ZPVC to oxygen

shieldings for small molecules, where accurate calculations find
a quite substantial ZPVC to the single-bonded oxygen shielding
in water4” and a rather modest ZPVC to the double-bonded
oxygen shielding in C38

B. Vibrational Corrections to Hydrogen Shielding Con-
stants. As we have indicated in previous sections, the zero-
point vibrational corrections to the hydrogen shielding constants

J. Am. Chem. Soc., Vol. 123, No. 20, 2881

Table 11. Vibrational Frequencies, Second-Derivatives of the

Nuclear Shieldings and Contribution to the”OTerm from the
Different Vibration Modes in Etharte

9ok/dQ? B0
mode no.  frequency C H C H
1 3178.72 —31.63 464 —0.30 0.04
2 3178.72 3162 -—-141 -030 -0.01
3 3152.42  —31.46 447 —0.30 0.04
4 315241 —-31.48 -—144 -0.30 -0.01
5 3116.39 —9.73 3.47 -0.09 0.03
6 3109.98 —15.67 3.11 -0.15 0.03
7 1625.76 155 —-1.12 0.03 —0.02
8 1625.76 155 —4.21 0.03 —0.08
9 1622.01 —-446 —1.77 -0.08 -—0.03
10 1622.01 —-4.46 —-3.80 -0.08 —0.07
11 1559.06 251 -2.09 0.05 -0.04
12 1529.73 6.92 -1.89 0.14 -0.04
13 1322.28 381 -—-271 0.09 —0.06
14 1322.28 3.81 -041 0.09 -0.01
15 1021.55 -6.56 —-043 -0.19 -0.01
16 903.15 —12.01 -1.22 -—-040 -—0.04
17 903.15 —-12.01 -2.40 -040 -0.08
18 387.65 -6.42 -151 -050 -0.12
total -2.69 —0.48

aFrequencies in cri, second derivatives in ppmgz, and shield-

display a remarkable degree of transferability for all of the ings in ppm.? The difference relative to the sum of the numbers above

molecules we have investigated, as can be seen from Table%1

2—9 as well as from the data provided in the Supporting

Information. We have analyzed the data and carried out a

statistical analysis of the zero-point vibrational corrections to
these proton shieldings grouped according to their functional
nature. The final data are collected in Table 10. We believe
that these data will provide a simple approximation to the
vibrational corrections to hydrogen shieldings in almost any kind

of organic molecule. We note that the standard deviations are

fairly modest, indicating that these correction factors should
indeed prove useful in correcting theoretically calculated
electronic hydrogen shieldings, hopefully also improving the

agreement with experiment (vide infra). We also note here that
the median values for all shieldings are more or less coincident
with the average values reported in Table 10, the largest

difference appearing for the hydroxy proton, the median being
0.56 ppm, as compared to the average value of 0.52 ppm.
Considering the transferability of the zero-point vibrational
corrections to the hydrogen shielding constants of a given
functional group in structurally very different molecules, it is

relevant to ask if this transferability arises because the zero-

point vibrational corrections to the hydrogen shieldings receive
most of their magnitude from vibrations in the vicinity of the
hydrogen atom in question. An analysis of this is difficult

because it is hard to isolate which changes in the geometry are

the most important for the shielding when going from the
equilibrium to the effective geometry. In Table 11 we have
collected the contributions to the zero-point corrections from
the harmonic term for the different vibrational modes in ethane,
@0 This term dominates the zero-point vibrational correc-
tions in ethane and may therefore shed some light on this

guestion. We observe that both for the carbon and the hydrogen

shielding, most vibrational modes contribute significantly to the
total WOterm. The results in Table 11 also indicate that it
may prove difficult to devise a strategy for isolating important

vibrational modes, as has been done for pure vibrational effects

(47) Vaara, J.; Lounila, J.; Ruud, K.; Helgaker,JT Chem. Phys1998
109 8388.

(48) Sundholm, D.; Gauss, J.; Sékg A. J. Chem. Phys1996 105
11051.

re due to a truncation of the reported contributions from the different
ibrational modes, a truncation not used in the sum.

to molecular (hyper)polarizabiliti€€:>°In fact, such an approach
may do more harm than good because it risks including terms
that would be partially canceled by other vibrational modes in
the molecule.

It would clearly be of interest to compare the relative chemical
shifts of the various protons investigated in this study before
and after zero-point vibrational corrections have been applied
to the results, despite the fact that many of the zero-point
vibrational corrections are fairly similar for several functionally
different protons (e.g., alkyl and vinyl protons). For the
hydrogens for which the differences are the largest compared
to alkyl hydrogens, such as hydroxy- or amine-protons, it can
be expected that there will be significant contributions to the
experimentally observed proton shifts from hydrogen bonding
in the liquid. Thus, to minimize the risk of hiding the effects of
zero-point vibrational corrections in experimental solvent effects,
we restrict ourselves to a comparison with experimental
chemical shifts to the nonpolar molecules of this study.

Almost all experimental chemical shifts have been taken from
the book of Biigel 5! In this reference work, the chemical shifts
of a large number of organic compounds in the liquid phase
have been reported with respect to tetramethylsilane, as is
common in NMR experiments. However, for easier comparison
with our work, we report all chemical shifts relative to the
nuclear shielding of methane. Both experimental and theoretical
results are collected in Table 12. For the theoretical results, we
report both the pure electronic contributions, the zero-point
vibrationally corrected chemical shifts (using the relevant
correction also for the reference to the methane molecule), and
the results obtained using the electronic chemical shifts with
our rule-of-thumb zero-point vibrational corrections added. We
note from Table 12 that the calculated zero-point vibrational

(49) Luis, J. M.; Duran, M.; Andr® J. L.; Champagne, B.; Kirtman, B.
J. Chem. Phys1999 111, 875.

(50) Torii, J.Nonlinear Opt.2001, in press.

(51) Brigel, W. Handbook of NMR Spectral Parameters: Tabulated
High-Resolution Chemical Shifts and Coupling Constants for Organic
Compounds According to Spin Systémindon: Philadelphia: Heyden, 1979.
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Table 12. Proton Shifts (in ppm) Relative to Methane for a Set of
Non-Polar Molecules

Ruud et al.

hydrogen shieldings, as can be seen when comparing with recent
high-level calculations by Wigglesworth et?dTheir best result

hydrogen _ rE| for the hydrogen shielding is 30.24 ppm, to be compared with

molecule  atom  experiment e (6l (thumbrule) our SCF value 30.98 ppm. We also note that a similar correlation

methane CHl 0.00  0.00 0.00 0.00 effect can be observed for the zero-point vibrational correction

ethane CH 0.66  0.44 0.52 0.55 to the ethyne hydrogen shielding, the result of Wigglesworth
propane CH L1l 075 0.86 0.86 et al. at the MCSCEF level being0.68 ppnm?° as compared to

CH;, 0.68  0.62/0.36 0.70/0.47 0.73/0.47 . .
ethene Chi 507 516 477 5.03 our correction of~0.76 ppm. Using these correlated hydrogen
propene CH(cis) 464 460 452 4.47 shieldings gives us a chemical shift in ethyne relative to methane

CHy(trans) ~ 4.73 479 4.74 4.66 of 1.81 ppm, which is in much better agreement with experiment

: : : : an our HartreeFock results. We assume, considering the
cH Ve 123 129  1s4  han our HartreeFock results. W dering th
cyclopropen  Ch 0.69 047 0.59 0.57 differences compared to experiment for the chemlcgl shifts of

CH 6.82 7.02 7.03 6.89 propyne and 1-butyne, that similar electron correlation effects
ethyne CH 158 0.98 1.15 1.15 may be present in these molecules. Although this may cause
propyne CCHH 11527 11-1134 11'1%1 11-2?"11 some concern for the validity of the corresponding zero-point
Butadiene  Chtrans)  4.83  4.93 476 480 vibrational corrections for these kinds of hydrogens_, we note

CHg(cis) 493 476 4.64 4.63 that the correlation effects are smaller for the vibrational

CH 6.04 6.11 6.06 5.98 corrections and probably contained in the uncertainty of these
1-butyne é?HH 11;;8 11-3295 11:5138 11‘-1‘;2 corrections as we report them in Table 10.

CH. 089 046/071 063/0.86 0.57/0.62 In Tarllble 12 r\]/ve have alslo listed tlhe cf:h(ke]mlcgl shifts (elatl\(e
dimethyl ether CH 298  2.89/2.24 2.892.28 3.00/235 (O Methane when we apply our rule-of-thumb corrections in
oxirane CH 231 168 1.71 1.79 Table 10. To make the most relevant comparison, we have
benzene CH 6.98  7.15 6.95 6.98 chosen to use the calculated zero-point vibrational correction
tcg’lﬁ'gﬁéoloa”e gg’onho _06023 _0-;‘%0 ‘0%881 _0-26?82 to methane as it is, applying the rule-of-thumb corrections

CH(fneta)) 601 705 6.85 6.87 relative to the methane vibrational shift 6f0.59 ppm. The

CH(para) 682  6.90 6.76 6.72 results are indeed very encouraging. As seen from Table 10,

a Equilibrium (oe) and vibrationally averagedd(d) theoretical results
are reported together with results obtained adding the thumb rule-
corrections in Table 10 to the equilibrium values. For experimental
data references, see text.

corrections for most of the nuclei brings the chemical shift

the corrections follow the trend of the explicitly calculated
values, and thus in almost all cases improve the agreement with
experiment. Indeed, in certain instances, such as ethane and
cyclopropene, the rule-of-thumb corrections are larger than the
calculated corrections, providing even better agreement with
experiment. Table 7 gives strong support for our rule-of-thumb

relative to methane much closer to the experimentally observedzero-point vibrational corrections to hydrogen shielding con-
shifts. This is perhaps most clearly illustrated for the chemical stants and chemical shifts, and we recommend that they should
shifts of benzene and toluene, where the inclusion of the zero- always be added to theoretically calculated hydrogen shieldings
point vibrational corrections brings the theoretical chemical optained at the equilibrium geometry before a comparison is
shifts into spectacular agreement with experiment. The very made with experiment.
small remaining differences (0.03 ppm for benzene and 0.02, ) )
0.06, and 0.06 ppm for toluene) are expected to be of the orderV- Discussion and Summary
of residual errors in the theoretical calculations from an  We have in the previous sections clearly demonstrated that,
inadequate equilibrium geome®y?? as well as the neglect of  although zero-point vibrational corrections in general are
solvent effects. considered to be small and negligible for all but the most

We have also tried to fit the theoretical results to experiment, accurate theoretical investigations, this cannot be considered to
both for the purely electronic estimates as well as for the zero- be the case for the zero-point vibrational corrections to hydrogen
point vibrational corrected chemical shifts. For the electronic shielding constants and hydrogen chemical shifts. The zero-
contributions to the chemical shifts, the linear regression leads point corrections may be as large a6.8 ppm for the proton
to a fit shieldings, thus amounting to about3% of the total shielding
constant. However, considering that the total hydrogen shielding
range is only about 10 ppm, the contribution from the zero-
point vibrational motion may be as large as 10% of the total
whereas a similar fit to the zero-point vibrationally corrected shielding scale, far exceeding the corrections due to electron
theoretical chemical shifts produces a fit that gives smaller correlation effect2 For an accurate theoretical estimate of the
differences between theory and experiment, absolute hydrogen shieldings, zero-point vibrational effietst

be taken into account.
(5) We have demonstrated thadespite the fact that zero-point
vibrational corrections to the hydrogen shieldings involve

A few of the molecules deserve special attention, in particular contributions from almost all normal modes in the molecule
the alkynes. It is unfortunate that neither ethene nor ethyne arethe zero-point vibrational corrections to the hydrogen shieldings
tabulated in the book of Bgel but had to be taken from are transferable from one molecule to another for hydrogens
different source&253making the direct comparison with experi-  belonging to the same kind of functional group. The corrections
ment more difficult. However, ethyne appears to be an exception collected in Table 10 should provide a simple, yet accurate
to the general rule that electron correlation effects do not alter estimate of the corrections to electronic hydrogen shieldings

(52) Reddy, G. S.- Goldstein, J. H. Am. Chem. Sod.961, 83, 2045. caused by the molecular zero-point vibrational motion_.

(53) Kreevoy, M. M.; Charman, H. B.: Vinard, D. B. Am. Chem. Soc. We have also demonstrated that even though the difference
1961, 83, 1978. between the zero-point vibrational corrections to functionally

0o = —0.444 1.09x Oy (4)

OP'=—0.28+ 1.04x &

exp
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different hydrogens are not as large as the full zero-point Although this is a small effect compared to the electronic
corrections themselves, they still lead to significantly improved contribution to the shielding, oxygen shieldings appear to be
agreement with experiment in the case of nonpolar molecules.an interesting target for more accurate studies of zero-point
We have observed that hydrogens in a polar group often displayvibrational effect$*

a very markedly different zero-point vibrational correction Our investigation has also shed some light on the debate on
compared to aliphatic hydrogens (the difference between anwhether an optimized MP2 structure or an experimental
alkyl proton and a hydroxy proton on average being 1.22 ppm). geometry should be used when calculating nuclear shieldings
This observation will prove important for studies of hydrogen constant$*11 Although our approach for calculating the zero-
chemical shifts in the gas phase, whereas the effect will be point vibrational corrections may give some support for the use
hidden in comparison with the changes induced in the liquid of a vibrationally averaged experimental geometry, thus recov-
phase because of hydrogen bonding to the protons in theering part of the vibrational effects, our results clearly demon-
hydroxy, carboxylic acid, or amine groups. strate that the changes in the shielding arising from the shift of

Although we have not explored the effects of electron the expansion point is not necessarily the dominating contribu-
correlation on the hydrogen shieldings and their zero-point tion to the vibrational correction. More importantly, the two
vibrational corrections, there are indications that electron contributions to the zero-point vibrational corrections vary in
correlation effects do not contribute considerably to either of relative importance from one shielding to another, and thus,
these contribution&*32Thus, the results obtained for the zero- one would risk including most of the ZPV corrections for one
point vibrational corrections to the hydrogen shieldings may shielding but none (or even adding contributions going in the
not be significantly altered by electron correlation effects, as wrong direction of the overall corrections) for other shieldings,
also supported by the excellent agreement with experimentally even if the overall total corrections were transferable. On this
observed chemical shifts we obtain after applying our zero- basis we would favor the use of theoretically optimized
point vibrational corrections, as seen in Table 7. To the extent structures, as these geometries ensure that only electronic
that differences remain, we believe the major cause is the contributions are included when calculating the nuclear shielding
determination of the equilibrium geometry, for which we have constants for a given molecule.
employed only HartreeFock wave functions.

We have also investigated the zero-point vibrational correc- _Acknowledgment. K.R. has been supported by the Norwe-
tions to the other nuclei of the 38 molecules studied here. 9ian Research Council through a postdoctoral fellowship from
However, for these nuclei we expect electron correlation to be e Norwegian Research Council (Grant No, 125851/410) and
much more important, not only for the electronic contributions through a grant of computer time from the Program for
but also for the zero-point vibrational corrections, and thus our Supercomputing. The research was supported by the National
observations for these nuclei have to be considered lessScience Foundation (U.S.A.) through Grant No. CHE-9700627
conclusive than for the hydrogen shieldings. Our results indicate @1d Cooperative Agreement DACI-9619020, and by a grant of
that zero-point vibrational corrections to carbon, nitrogen, and computer time from SDSC. P.O.A acknowledges a grant of
in particular, oxygen may be significant. Furthermore, in contrast computer time from the supercomputer facilities at Risg National
to our observations for the hydrogen shieldings, we find no sign Laboratory.
of Fraqsferability of the zero-point_ vibrational corrections_to the Supporting Information Available: Optimized and effec-
shieldings for thege gtpms, and it appears that calcglatlons AGive geometries in Cartesian coordinates and bohr, as well as
needed for each individual molecule to assess the importance

f int vibrational " for th | hieldi all electronic and zero-point vibrational corrections to the
or zero-point vibrational corrections for these nuciear shieldings. isotropic shieldings of all 38 molecules investigated in this paper
However, the data collected in this paper may prove a useful

. . S . - PDF). This material is available free of charge via the Internet
starting point for estimating whether calculations of zero-point ( ) 9

vibrational corrections are needed or not to be able to compareat hitp://pubs.acs.org.

calculated chemical shifts with experiment. The zero-point JA004160M

vibrational corrections found for the oxygen shielding are very 54y auer, A. A.; Gauss, J.; Stanton, J.JF Chem. PhysVianuscript to
large, being almost 20 ppm in certain functional groups. be submitted.




