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Rovibrational effects, temperature dependence, and isotope effects
on the nuclear shielding tensors of water: A new 17O absolute
shielding scale
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We calculate the rovibrational corrections, temperature dependence and isotope shifts of the
isotropic and anisotropic nuclear shieldings of the water molecule. This is the first correlated study
of rovibrational effects on the nuclear shieldings in the water molecule and the first study of these
effects on the shielding anisotropies. The use of a large restricted active space self-consistent field
wave function and a large basis set ensures that the results are of high accuracy. The rovibrational
corrections are found to be substantial, 3.7% and 1.8% for the isotropic oxygen and hydrogen
shieldings, respectively, in the1H2

17O isotopomer at 300 K. For the shielding anisotropies and
asymmetry parameters, the corresponding relative corrections are even larger. The changes in the
shielding tensors due to molecular rotation and vibration are of the same order of magnitude
as—and in some cases even exceed—the changes due to electron correlation. The accuracy of our
calculated rovibrationally corrected oxygen shielding leads us to propose a new absolute shielding
scale for the17O nucleus: 324.061.5 ppm for the17O shielding of1H2

17O in the gas phase~300 K!.
This shielding scale is supported by recent high-level CCSD~T! calculations on carbon monoxide.
The absolute oxygen shielding constants of some oxygen-containing molecules are calculated using
the new shielding scale and experimental data on oxygen chemical shifts, comparing the absolute
shieldings to the results of recent high-level theoretical calculations. ©1998 American Institute of
Physics.@S0021-9606~98!30143-9#
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I. INTRODUCTION

The determination of nuclear shielding constants
nuclear magnetic resonance~NMR! spectroscopy experi
ments requires the use of an accurate reference standa
which the measured chemical shifts can be related. In c
parison with the results of modernab initio electronic struc-
ture theory, the accuracy of the experimental shielding c
stant depends critically on the accuracy of this refere
shielding. Much effort has therefore been invested in ass
ing absolute shielding scales for various nuclei.1

One way of directly obtaining the absolute shieldi
scale of a given nucleus is from the spin-rotation consta
determined in microwave or molecular beam experime
However, the relevant splittings in the microwave spectra
small and the uncertainty in the spin-rotation constants m
therefore be large. To obtain the complete absolute shi
ings, the paramagnetic shieldings extracted from the s
rotation constants are combined with theoretically calcula
diamagnetic shieldings, and high-level theoretical calcu
tions are therefore mandatory. Since the dia- and param
netic contributions are of opposite sign, the shielding c
stant is smaller than its two contributions. Small errors in
dia- and paramagnetic terms may therefore give rise to la
relative errors in the final shielding constants.

The recent developments in modernab initio methods
8380021-9606/98/109(19)/8388/10/$15.00
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enable absolute shielding scales to be determined from
oretical calculations alone, with an accuracy that is of
higher than that of experiment. In coupled-cluster singl
and-doubles with perturbative corrections for tripl
~CCSD~T!! investigations by Gauss, Sundholm, and Scha¨fer,
spin–rotation constants and absolute shieldings were de
mined for a number of diatomic molecules.2,3 Large basis
sets combined with the CCSD~T! method ensured high
quality ab initio results, and, by taking rovibrational effec
into account, both purely theoretical and revised experim
tal absolute shieldings could be given. Whereas for mos
the nuclei studied, good agreement was observed for
experimental/theoretical and purely theoretical absol
shieldings, an exception was the17O shielding of carbon
monoxide. The theoretical absolute shielding,259.34 ppm
for 12C17O at 300 K,3 was barely within the large error limits
of the experimental result,244.80617.18 ppm.4 It is our
purpose to confirm and validate this theoretical reevalua
of the 17O absolute shielding scale by performing indepe
dent, high-level calculations of the nuclear shieldings in
water molecule, taking proper account of rovibrational co
tributions to the shielding constants. In addition, we pres
accurate estimates of the isotope shifts and temperature
pendence of the hydrogen and oxygen shieldings in wate

We perform rovibrational averaging of the full secon
rank oxygen and hydrogen shielding tensors. While nece
8 © 1998 American Institute of Physics
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8389J. Chem. Phys., Vol. 109, No. 19, 15 November 1998 Vaara et al.
tating the use of the Eckart coordinate frame for represen
the tensors, this procedure allows us to calculate the rovi
tionally averaged principal values, and thus the anisotr
and asymmetry parameter, of the shielding tensors.

In Sec. II, we outline the computational methodolog
Section III A describes the basis set and active space use
the calculation of the rovibrational corrections. In Sec. III
we discuss the results obtained for the isotropic shieldi
and, in Sec. III C, the rovibrational corrections to the anis
tropic shieldings. Finally, we propose and discuss a new17O
absolute shielding scale in Sec. IV.

II. METHODOLOGY

A. Ab initio calculations

The nuclear magnetic shielding tensor of a nucleusK,
having a nuclear magnetic momentmK , may be expressed a
the second derivative of the molecular energy with respec
an external magnetic fieldB and the nuclear magnetic mo
ment

sK511
]2E~B,mK!

]B]mK
U

B,mK50

. ~1!

In its most naive implementation, theab initio calculation of
nuclear shieldings is hampered by slow basis set con
gence and the dependence of the shieldings on the choic
gauge origin. One of the main reasons for the increas
interest in ab initio calculations of nuclear shieldings ha
been the introduction of basis sets that depend explicitly
the external magnetic field—the London atomic orbitals, a
known as Gauge-Including Atomic Orbitals~GIAOs!.5 These
basis functions respond in a physically correct way to
external magnetic field, thereby giving improved basis-
convergence. Moreover, by multiplying each basis funct
with a phase factor that transforms the global gauge origi
a local gauge origin for each basis function, the Lond
atomic orbitals remove the dependence of the calcula
properties on the global gauge origin. Although London
bitals were used in earlyab initio calculations,6,7 it is only
after their first implementation using modern analytical d
rivative techniques by Wolinski, Hinton and Pulay8 that the
London approach has become widely used. The Lon
atomic orbital approach has been extended to the more
portant correlated wave functions9–12and recently to Density
Functional Theory~DFT! methods.13–16In this work, we use
the MCSCF London atomic orbital method described in R
10, as implemented in the Dalton quantum chemis
program.17

B. Rovibrational corrections

The calculation of rovibrational corrections, temperatu
dependence, and isotope shifts follows the strategy of
papers on CSe2

18 and OCS.19 The nuclear shielding in wate
is expanded in a Taylor series to second order in
curvilinear internal displacement coordinates$Ri%
5$Dr ,Dr 8,Da% around the equilibrium geometry
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^s&5se1s r^Dr &T1s r 8^Dr 8&T1sa^Da&T

1 1
2s rr ^~Dr !2&T1 1

2s r 8r 8^~Dr 8!2&T

1s rr 8^DrDr 8&T1 1
2saa^~Da!2&T

1s ra^DrDa&T1s r 8a^Dr 8Da&T. ~2!

HeresRi
andsRiRj

are the first and second derivatives of t
nuclear shieldings with respect to nuclear distortions alo
the internal coordinates, evaluated at the equilibrium geo
etry. We assume that the major part of the rovibrational c
rections can be accounted for by the first- and second-o
terms.20 The ^Ri&

T and^RiRj&
T are rovibrational averages o

the displacement coordinates at a given temperatureT, cal-
culated using the approximation of Toyama, Oka, a
Morino.21,22

In accordance with the Born–Oppenheimer approxim
tion, the derivatives of the nuclear shielding constants
independent of the nuclear masses and temperature, wh
the average displacement coordinates are not. It is there
the changes in the averaged displacement coordinates
determine the temperature dependence and isotope sh
the nuclear shieldings. The rovibrationally averaged d
placement coordinates may be determined from the an
monic vibrational potential energy function of the molecu
which can be expressed as a third-order Taylor series in
internal displacement coordinates as described previous18

The potential energy function used here can be represe
as

V5 1
2 f rr @~Dr !21~Dr 8!2#1 f rr 8DrDr 81 1

2 f aa~Da!2

1 f ra~Dr 1Dr 8!Da1 1
6 f rrr @~Dr !31~Dr 8!3#

1 1
2 f rrr 8@~Dr !2Dr 81Dr ~Dr 8!2#1 1

2 f rr a@~Dr !2

1~Dr 8!2#Da1 f rr 8aDrDr 8Da1 1
2 f raa~Dr 1Dr 8!

3~Da!21 1
6 f aaa~Da!3, ~3!

wheref RiRj
denote harmonic andf RiRjRk

cubic ~anharmonic!
force constants.

The derivatives of the nuclear shieldings were obtain
by fitting the property surface corresponding to the therm
average expression Eq.~2! to the shieldings obtained from
calculations at a total of 33 molecular geometries, suita
chosen in the neighborhood of the equilibrium geomet
The full set of cubic terms was included in the fit as well
improve the quality of the first- and second-order parame
used for averaging the properties. The force constants w
similarly obtained by fitting the calculated total energies
Eq. ~3!, augmented by the three all-diagonal fourth-ord
terms. All calculations of the thermal average displaceme
were performed using the AVIBR program of Lounila
Wasser, and Diehl.22 AVIBR was modified for the presen
study to take into account the centrifugal distortion contrib
tion to ^Ri&

T using the classical approximation discussed
Ref. 21.

When performing rovibrational averaging of anisotrop
molecular properties such as individual elements of
shielding tensor, the problem of choosing a coordinate fra
for representing the tensor emerges. A unique frame
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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8390 J. Chem. Phys., Vol. 109, No. 19, 15 November 1998 Vaara et al.
remains fixed at the molecule during its rovibrational moti
is the Eckart frame,23 in which the coupling between vibra
tional and rotational degrees of freedom is minimized~see
for instance Refs. 24 and 25!. The conditions introduced by
Eckart define a system of molecule-fixed axes in terms of
instantaneous position vectors of the nuclei in the molec
rK . The conditions can be derived by requiring that the
gular momentum of the nuclei relative to the molecule-fix
axes vanishes when the nuclei are in their equilibri
positions—that is, whenrK5rK

e . The resulting conditions
are

(
K

mKrK
e 3rK50, ~4!

where mK is the mass of nucleusK. The Eckart frame is
placed at the instantaneous center of mass and aligned so
the conditions Eq.~4! are fulfilled ~the rK

e are constant vec
tors when referred to the Eckart frame!.

The elements of the shielding tensor calculated at a n
equilibrium geometry must thus be transformed to the pro
Eckart frame prior to fitting the property surfaces. To obta
the rovibrationally averaged principal values of the shield
tensors of the water molecule, the transformation is app
to the diagonal elements and to the only nonvanishing
diagonal element of the symmetric component of the shie
ing tensor—that is,sxy

(s)5 1
2(sxy1syx), assuming that the

molecule is located in thexy-plane. The Eckart frame is
uniquely defined by the three sets of parametersrK

e , rK , and
mK . Unlike the derivatives of isotropic properties such
the shielding constant, the derivatives of the individual te
sor elements therefore depend on the isotopomer in ques
The use of the Eckart frame has been discussed by Fo
and Raynes in connection with rovibrational corrections
the dipole moment of water.26

III. RESULTS

A. Convergence of shieldings with respect to the
basis set and the active space

We tested the convergence of the nuclear shieldings
the correlation-consistent basis sets of Dunning, Wilson,
van Mourik27,28 and the Atomic Natural Orbitals~ANO! ba-
sis set of Widmark, Malmqvist and Roos.29 The results and
the ANO contraction patterns are found in Table I. To co

TABLE I. Basis set dependence at the SCF level of the nuclear shiel
constants in the water molecule. Shieldings reported in ppm.

Basis Basis functions s~O! s~H!

cc-pVDZ 24 347.5 31.35
cc-pVTZ 58 335.2 30.80
cc-pVQZ 115 331.1 30.58
cc-pV5Z 201 328.2 30.47
cc-pV6Z 322 327.5 30.47

ANO@4s3p2d1 f /3s2p1d# 58 306.4 30.58
ANO@5s4p3d2 f /4s3p2d# 92 327.8 30.59
ANO@6s5p4d3 f /5s4p3d# 126 327.7 30.55
ANO decontracted 152 327.5 30.55
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pare with the literature, in particular the accurate CCSD~T!
calculations of Gauss and Stanton,12 we have used the ex
perimental geometry.

The correlation-consistent basis sets converge system
cally, but slowly. In contrast, the ANO sets are almo
converged at the second contraction lev
@5s4p3d2 f /4s3p2d#, with only minor differences relative
to the primitive ANO set and thecc-pV6Z basis. A similar
behavior has been observed for other molecules.30 Still, since
the primitive ANO set contains only 152 basis functions f
water, we have chosen to use this basis set in the remai
calculations. For the oxygen shielding we estimate the e
due to basis-set incompleteness to be at most 0.3 ppm. S
the ANO and correlation-consistent basis sets converge f
opposite sides, with identical results obtained forcc-pV6Z
and the primitive ANO basis, this is probably an overes
mate. For the hydrogen shielding, convergence is less o
ous, but we estimate the error to be less than 0.05 ppm.

Electron correlation effects were investigated using
number of different restricted active spaces. The results fr
these studies, as well as a description of the active sp
employed, are collected in Table II. For a description of t
notation used for the RASSCF wave functions, we refer
Ref. 30. We note from Table II that the convergence
slow—even our largest active space gives no definite con
sion about the correlation limit of the shieldings. Th
1000RAS6332

4220 wave function is seen to be a reasonable
proximation to our largest RAS expansion. We estimate
total errors due to approximations in the basis set and
correlation treatment to about 1 ppm for the oxygen shie
ing and 0.1 ppm for the hydrogen shieldings.

In Table II, we have included some reference valu
obtained by Gauss, Stanton, and Christiansen using var
coupled-cluster models.12,31,32 The oxygen shielding differs
slightly from the CCSD~T! results of Gauss and Stanto
However, comparing their SCF results with that obtained
us using the decontracted ANO basis set, this discrepa

gTABLE II. Correlation dependence of the nuclear shielding constants in
water molecule using the primitive ANO basis set. Shieldings reported
ppm. Comparison are made with literature data.

Wave function Determinants s~O! s~H!

HF 1 327.5 30.55
1000CAS6331 128 283 341.2 30.59
1000RAS2111

4220 40 636 341.2 30.60
1000RAS4221

4220 117 948 338.4 30.78
1000RAS6332

4220 271 876 337.6 30.82
1000RAS8553

4220 594 428 338.0 30.73
1000RAS9553

4220 650 596 337.9 30.74
1000RAS10;663

4220 834 620 337.5 30.77
1000RAS12;884

4220 1 353 284 337.2 30.80

SCF/GIAOa 328.1 31.7
CC2/GIAOb 345.6 30.7
CCSD/GIAOc 336.9 30.9
CCSD~T!/GIAOd 337.9 30.9

aReference 63.
bReference 32.
cReference 31.
dReference 12.
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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appears to arise mainly because of basis set incomplete
in the study of Gauss and Stanton.

The molecular geometry was optimized with th
1000RAS6332

4220 wave function and the decontracted ANO ba
set using the second-order method described in Ref. 33.
optimized geometry,r 596.08 pm and/(HOH)5103.82°,
is very similar to the experimental geometry. Due to t
geometry optimization, the shieldings change from 337.6
30.82 ppm to 336.0 and 30.77 ppm for17O and1H, respec-
tively.

B. Rovibrational effects and isotope shifts of the
isotropic shieldings

The cubic anharmonic force field obtained from t
1000RAS6332

4220/primitive ANO calculations is shown in Tabl
III together with experimental results and the results o
previous theoretical investigation. The harmonic part of o
force field agrees rather well both with the experimen
results34,35 and the QCISD~T! calculation of Martin, Fran-
çois, and Gijbels.36 The stretching force constantf rr is
slightly underestimated. Most of the cubic parameters fr
the present calculations fall between the two experime
sets of values and resemble closely the QCISD~T! force con-
stants.

TABLE III. Calculated cubic anharmonic force field in the water molecu
obtained using the decontracted ANO basis together with the1000RAS6332

4220

wave function. Experimental and earlier theoretical results are also sho

Property This work Exp.a Exp.b QCISD~T!c Unit

f rr 8.322 8.454 8.452 8.45 aJ Å22

f rr 8 20.108 20.101 20.102 20.10 aJ Å22

f aa 0.717 0.697 0.706 0.71 aJ
f ra 0.269 0.219 0.273 0.26 aJ Å21

f rrr 259.653 259.366 257.389 259.02 aJ Å23

f rrr 8 0.003 0.253 20.228 20.06 aJ Å23

f rr a 20.113 0.404 20.381 20.10 aJ Å22

f rr 8a 20.522 20.402 20.590 20.49 aJ Å22

f raa 20.298 20.225 20.327 20.30 aJ Å21

f aaa 20.741 20.877 20.728 20.69 aJ

aReference 34.
bReference 35.
cReference 36.
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The first and second derivatives of the oxygen and
drogen shielding constants are collected in Table IV,
gether with the SCF results of Fowler, Riley and Raynes37

Except for the second-derivatives involving the bendi
angle, the hydrogen shielding derivatives are unaffected
electron correlation. Most of the oxygen derivatives, in co
trast, are reduced when electron correlation is introduced

We have collected our results for the isotropic shie
ings, with and without rovibrational corrections, in Table V
Whereas the temperature dependence is modest, the e
of zero-point vibrational corrections are significant for bo
the oxygen and hydrogen shielding constants. For oxyge
H2

17O, the zero-point vibrational correction amounts
211.62 ppm, which is23.6% of the total, vibrationally cor-
rected shielding constant—an effect that is slightly larg
than that of electron correlation. It is noteworthy that t
changes due to vibration and electron correlation partia
cancel. Our number may be compared with the SCF res
of Fowler and Raynes,26 213.1 ppm, and Fukuiet al.,38

212.1 ppm. Electron correlation thus reduces the magnit
of the rovibrational correction, although a detailed compa
son with the present RASSCF results is complicated by
fact that nonsaturated basis sets were used in these SCF
culations. The temperature dependence is modest from
to 300 K: 20.38 ppm or20.1% of the total shielding.

For the hydrogen shielding, the zero-point vibration

n.

TABLE V. Calculated results for the isotropic shieldings for a rigid wat
molecule at the equilibrium geometry, including zero-point vibrational c
rections, and at 300 K. All results reported in ppm and obtained using
decontracted ANO basis together with the1000RAS6332

4220 wave function.

Molecule Temperature s~O! s(H1) s(H2)

H2O No rovibrational corr. 336.0 30.77
H2

16O 0 K 324.32 30.247
H2

17O 0 K 324.34 30.248
HD17O 0 K 325.94 30.288 30.349
D2

17O 0 K 327.52 30.392
H2

16O 300 K 323.94 30.221
H2

17O 300 K 323.96 30.221
HD17O 300 K 325.55 30.264 30.320
D2

17O 300 K 327.14 30.365
in the

re
TABLE IV. Calculated quadratic property surfaces for hydrogen and oxygen nuclear shielding constants
water molecule obtained using the decontracted ANO basis together with the1000RAS6332

4220wave function. For H,
r denotes the length of the bond attached to the nucleus, whiler 8 is used for the other bond length. Included a
also the SCF results of Fowler, Riley and Raynes~Ref. 37!.

Parameter

O H

UnitThis work Fowleret al. This work Fowleret al.

s r 2236.36 2270.94 234.71 235.33 ppm Å21

s r 8 24.87 24.63 ppm Å21

sa 29.40 227.33 23.93 24.04 ppm rad21

s rr 2934.30 21045.57 114.41 109.97 ppm Å22

s r 8r 8 225.55 224.52 ppm Å22

s rr 8 41.15 22.60 20.40 20.39 ppm Å22

saa 109.19 138.78 21.43 22.99 ppm rad22

s ra 28.14 210.90 22.63 22.59 ppm Å21 rad21

s r 8a 1.36 2.24 ppm Å21 rad21
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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correction of20.525 ppm (H2
16O) amounts to21.7% of

the total shielding constant. This change is twice as large
the correlation correction. As for the oxygen atom, t
electron-correlation and rovibrational corrections work
opposite directions, and the temperature dependence
modest20.026 ppm~20.1% from 0 K to 300 K!. Introduc-
ing correlation thus makes the agreement with experim
worse than for the SCF shieldings. We emphasize that
partial or complete cancellation of the electron-correlat
and rovibrational corrections is not a universal feature
corrections to SCF shieldings. In HF, for instance, they w
in the same direction.39

Raynes proposed that the absolute hydrogen shieldin
gaseous water should be 30.052~15! ppm.40 Although in
quite good agreement with this number, our result is
within the very narrow error limits stated. This value is d
rived from highly accurate measurements of the ratio
tween the proton magnetic moment and the Bohr magne
in liquid water. However, in the conversion from liquid wa
ter to water in the gas phase—given by Raynes
s~H2O, liq., 35 °C!2s~H2O, gas!524.262~5! ppm—several
assumptions were made regarding susceptibility correct
and intermolecular interactions. The experimental error li
may therefore be too small.

A way of estimating the accuracy of our calculated h
drogen shielding constant would be to compare the hydro
chemical shift with hydrogen or hydrogen fluoride, for whic
there exist accurate theoretical numbers.3,30,39,41 Unfortu-
nately, the measurements of Hindermann and Cornwel
gaseous hydrogen and hydrogen fluoride relative to gas
methane contain rather large error limits.42 Presently, the
best way of checking the accuracy of the calculated rovib
tionally corrected hydrogen shielding appears to be to p
form similar shielding calculations on methane, using wa
functions of similar quality to that employed in this wor
and using for instance the potential surfaces developed
Oddershede, Raynes, and coworkers.43–45 By comparing the
theoretical hydrogen shift obtained in this way with the a
curate value determined experimentally by Hindman,46 an
estimate of the accuracy of the calculated rovibrationally c
rected hydrogen shieldings in water should be obtainable

In Table VI, we have collected various experimental d
terminations of the isotope shifts on the17O shielding due to
hydrogen/deuterium substitutions. The agreement with
measurements of Wasylishen and Friedrich obtained in
clohexane is very good. In contrast, our results do not refl
the gas-phase isotope shift measured by Raynes. The d

TABLE VI. Isotope shifts on the17O shielding constant upon hydrogen
deuterium substitution at 300 K. All results reported in ppm relative
H2

17O.

Method Ref. HD17O D2
17O

MCSCF This work 1.60 3.18
SCF 26 3.68

Exp. ~cyclohexane solution! 48 1.550~0.005! 3.090~0.005!
Exp. ~gas phase! 47 4.04~0.35!
Exp. ~liquid! 64 3.08~0.20!
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ence between the gas- and solution-phase isotope shifts
previously ascribed to strong medium effects due to hyd
gen bonding.47 However, it is noteworthy that the two ex
perimental measurements in solution—using cyclohex
and water as solvents, respectively—give almost ident
results, even though, in the experiment by Wasylishen
Friedrich, great care was exercised to avoid wa
association.48 Combining this observation with our calcu
lated isotope shifts, we are inclined to state that the imp
tance of molecular association on the17O isotope shifts in
liquid water has been exaggerated, and that there is a n
for a new determination of the isotope shift in the gas pha
We also note that the experimental value of Raynes in
gas phase47 was determined fromseparatemeasurements on
the H2

17O and D2
17O samples.

Turning our attention to the isotope shifts of the hydr
gen shieldings, some of these are presented in Table
together with available experimental data. Our calculatio
on the effects of the16O/18O and H/D substitutions agre
completely with the previous SCF results of Fowler a
Raynes26 as could be anticipated since the proton shield
surface is not significantly affected by electron correlatio
see Table IV. The agreement with the old liquid-state exp
ments is poor. It appears probable that hydrogen bonding
a relatively larger effect on the1H isotope effects than on
those of17O. We suggest that the experiment be repea
using modern equipment both in the liquid and low-press
gas phases. Indeed, a recent study of the18O/16O induced
proton shifts in H2O, gave a shift of about 1.160.1 ppb,49 in
good agreement with our estimate.

Generally, the magnitude of the isotope effects on a
molecular property depends on the relative mass chang
the substituted nucleus.50 Thus, the dynamical factors in Eq
~2! are changed much less by16/18O substitution than by H/D
substitution. Successive H/D substitutions from H2

17O to
HD17O to D2

17O produce very slightly decreasing steps
the one-bond secondary isotope shift of the oxygen shi
ing, reflecting the decreasing fractional change in the to
mass of the molecule.

C. Rovibrational effects and isotope shifts of the
anisotropic shieldings

The quadratic property surfaces for the individual e
ments of the oxygen and hydrogen shielding tensors
given in Tables VIII and IX, respectively. The small diffe
ences between the listed parameters for different isotopom
are significant, reflecting the different dependencies of

TABLE VII. Isotope shifts on the1H shielding constant upon isotopic sub
stitution at 300 K. All results reported in ppb relative to H2

16O.

Method Ref. HD16O H2
18O

MCSCF This work 43 2
SCF 26 43 2

Exp. ~liquid phase! 65 12~4!
Exp. ~acetone solution! 66 30~3!
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TABLE VIII. Calculated quadratic property surfaces for the individual elements of the oxygen nuclear shielding tensor in the water molecule obtain
the decontracted ANO basis together with the1000RAS6332

4220 wave function. The units for shielding, length, and angle are ppm, Å, and rad, respectivelya

Molecule a ar ar 8 aa arr ar 8r 8 arr 8 aaa ara ar 8a

H2
16O sxx

b 2237.10 0.73 2866.29 2396.39 238.22 80.54
H2

17O 2237.10 0.73 2867.82 2394.87 238.22 80.54
HD17O 2237.04 2236.89 0.68 2856.93 2852.90 2408.45 240.99 151.78 10.09
D2

17O 2237.10 0.73 2845.13 2417.53 238.19 80.49

H2
16O syy

b 2237.39 37.73 21052.97 274.34 100.65 18.97
H2

17O 2237.39 37.73 21051.45 272.82 100.65 18.96
HD17O 2237.42 2237.36 37.74 21059.72 21055.84 279.70 103.22 252.51 93.75
D2

17O 2237.39 37.73 21074.13 295.49 100.62 19.02

all C2v
c szz

b 2234.60 266.66 2883.61 245.50 265.15 2123.92
HD17O 2234.72 2234.66 266.68 2895.89 2858.32 241.43 266.56 2124.23 2117.91

HD17O sxy
(s) 2230.15 230.05 6.53 2972.44 968.86 1.71 210.60 72.55 273.47

aThe molecule is placed in thexy-plane with the symmetry axis of the C2v isotopomers in they-direction~the molecular electric dipole moment is in the2y
direction!.

bFor the diagonal elements in the C2v symmetric isotopomers,ar 85ar , ar 8r 85arr , andar 8a5ara .
cThe derivatives of theszz components of the tensors are common to all the C2v isotopomers.
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tensor elements on the internal coordinates. The variatio
particularly clear in the nonsymmetric HD17O isotopomer.

The rovibrationally averaged tensor elements are lis
in Table X. Our data for the anisotropies and asymme
parameters, calculated by diagonalizing the rovibrationa
averaged tensors, are collected in Table XI. The change
the point group symmetry of the water molecule from H2

17O,
to HD17O and then to D2

17O cause changes in the princip
values of the tensors. In particular, the site symmetry of
oxygen nucleus in HD17O is Cs and consequently thesxy

(s)

component does not vanish for this isotopomer, unlike in
C2v site-symmetric isotopomers, where the average oxy
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shielding tensor is diagonal in the principal axis frame of t
moment of inertia tensor.51

For oxygen, the zero-point vibrational correction to t
shielding anisotropy is about25% ~for the H2

17O isoto-
pomer!, and thus slightly larger than the change in the is
tropic shielding. In absolute terms, however, the change
rather modest,22.4 ppm. The temperature dependence
very small, with the change in the shielding anisotropy be
only 20.04 ppm (20.09%) from 0 K to 300 K.Whereas the
oxygen shielding anisotropy is unaffected by oxygen sub
tution, it increases substantially when the hydrogens are
placed by deuterium. It is interesting to note that, wher
ned using

H

TABLE IX. Calculated quadratic property surfaces for the individual elements of the hydrogen nuclear shielding tensor in the water molecule obtai
the decontracted ANO basis together with the1000RAS6332

4220 wave function. The units are as in Table VIII.a

Molecule a ar ar 8 aa arr ar 8r 8 arr 8 aaa ara ar 8a

H2
16O sxx(H) 248.74 23.09 4.42 136.53 244.87 18.07 0.72 222.66 27.36

H2
17O 248.77 23.06 4.42 136.70 244.95 18.03 0.72 222.64 27.37

HD17O sxx(H1) 248.61 23.21 7.09 136.41 243.79 17.47 22.23 228.92 210.17
HD17O sxx(H2) 248.62 23.21 1.76 136.22 244.11 17.73 2.71 215.54 25.58
D2

17O sxx(H) 248.34 23.49 4.42 134.09 243.76 18.73 0.71 222.87 27.15

H2
16O syy(H) 231.13 210.15 213.73 106.58 234.63 34.44 1.42 18.40 8.34

H2
17O 231.10 210.18 213.73 106.40 234.55 34.48 1.42 18.39 8.35

HD17O syy(H1) 231.25 210.06 216.40 107.69 235.50 34.17 4.30 24.67 11.60
HD17O syy(H2) 231.26 210.04 211.07 107.78 233.68 33.24 20.81 11.80 6.51
D2

17O syy(H) 231.53 29.76 213.73 109.01 235.74 33.78 1.43 18.62 8.14

allb szz(H) 224.28 21.38 22.47 100.12 2.87 8.70 26.42 23.65 3.11

H2
16O sxy

(s)(H1)
c 22.63 7.09 3.77 224.02 37.11 219.99 5.25 29.95 3.73

H2
17O 22.62 7.10 3.77 223.95 37.11 220.03 5.25 29.98 3.76

HD17O 22.69 7.03 5.04 225.57 35.21 218.09 11.68 212.13 3.86
HD17O sxy

(s)(H2) 222.70 27.04 22.50 27.34 236.72 17.95 20.75 7.48 22.34
D2

17O sxy
(s)(H1)

c 22.82 6.90 3.77 225.00 36.98 219.44 5.24 29.53 3.34

aThe placement of the molecule is as in Table VIII. The hydrogen atom H1 (H2) is placed toward positive~negative! x-axis.
bThe derivatives of theszz components of the tensors are common to all the isotopomers.
cFor the H2 shielding tensors in the symmetric isotopomers, all the derivatives of thesxy

(s) elements can be obtained by multiplying the corresponding1

derivatives by the factor of21.
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TABLE X. Rovibrationally averaged nonvanishing elements of the oxygen and hydrogen nuclear shielding tensors in the water molecule obtained
decontracted ANO basis together with the1000RAS6332

4220 wave function. All values in ppm.

Parameter

H2
16O H2

17O HD17O D2
17O

0 K 300 K 0 K 300 K 0 K 300 K 0 K 300 K

^sxx(O)& 355.64 355.23 355.66 355.25 357.47 357.06 359.32 358.92
^syy(O)& 313.32 312.85 313.35 312.88 315.04 314.57 316.64 316.18
^szz(O)& 304.01 303.74 304.02 303.75 305.34 305.07 306.59 306.32
^sxy

(s)(O)& 0 0 0 0 21.89 21.87 0 0

^sxx(H1)& 37.959 37.906 37.960 37.908 37.974 37.920 38.153 38.101
^syy(H1)& 29.774 29.764 29.774 29.765 29.870 29.867 29.932 29.921
^szz(H1)& 23.008 22.991 23.009 22.992 23.022 23.006 23.091 23.073
^sxy

(s)(H1)& 28.161 28.143 28.162 28.144 28.169 28.154 28.336 28.317

^sxx(H2)&
a 38.135 38.084

^syy(H2)&
a 29.840 29.824

^szz(H2)&
a 23.075 23.056

^sxy
(s)(H2)& 8.161 8.143 8.162 8.144 8.318 8.296 8.336 8.317

aThe diagonal elements ofs(H2) in the C2v symmetric isotopomers equal those of H1.
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the deuterium substitutions give almost perfectly addit
contributions to the isotropic shielding, in agreement w
what has been found for a number of molecules,52,53,48 no
such additivity is observed for the oxygen shielding anis
ropy, the shifts at 0 K being 0.43 and 0.31 ppm for the firs
and second deuterium substitutions, respectively. This
manifestation of the change in the17O site symmetry dis-
cussed above.

The zero-point vibrational corrections to the hydrog
shielding anisotropy are about as large as the change in
oxygen shielding anisotropy, about25% ~H2

16O and
H2

17O!, which corresponds to an absolute change of sligh
more than21 ppm. The temperature dependence is we
also for the hydrogen shielding anisotropy. We note that o
isotopic substitutions on the nucleus being studied ind
substantial changes in the hydrogen shielding anisotrop~a
primary isotope effect!. On the other hand, the hydrogen a
isotropy is almost unaffected by secondary isotope effe
arising from isotopic substitutions at both the other hydrog
and the oxygen atom.
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We are unaware of any experimental data for the hyd
gen shielding anisotropy in the gas phase. However, th
has been a number of studies of the hydrogen shielding
isotropy in crystalline ice, with different experiments pr
dicting a value of about 28.561 ppm (H2O) at 195 K,54

34.261 ppm (H2O) at 173 K,55 and 3464 ppm (D2O) at
183 K,56 respectively. Our theoretical gas-phase anisotro
is approximately one half of these results. The almost tw
fold increase ofDs~H! for a nucleus that is involved in a
hydrogen bond appears to be a general feature.57,58As shown
in theoretical studies, it is important to include the clos
neighboring molecules in the water crystal to get reasona
hydrogen shielding anisotropies for ice.59,60 Such supermol-
ecule calculations give support to the larger of the two
perimental anisotropies. The small vibrational depende
and isotope shift observed in the hydrogen shielding ani
ropy indicate that isotope effects are not likely to change
conclusions of the calculations of Pulay, Hinton, a
Wolinski.59
. All

9

4

TABLE XI. Calculated results for the shielding anisotropiesa ~in ppm! and asymmetry parametersb for a rigid
water molecule at the equilibrium geometry, including zero-point vibrational correction, and at 300 K
results obtained using the decontracted ANO basis together with the1000RAS6332

4220 wave function.

Molecule Temperature Ds~O! h~O! Ds(H1) h(H1) Ds(H2) h(H2)

H2O No rovibrational corr. 49.33 0.0323 20.159 0.03369

H2
16O 0 K 46.98 0.0262 19.124 0.04019

H2
17O 0 K 46.97 0.0262 19.126 0.04018

HD17O 0 K 47.40 0.0269 19.127 0.04140 19.398 0.037 3
D2

17O 0 K 47.71 0.0280 19.418 0.03823

H2
16O 300 K 46.94 0.0256 19.078 0.04053

H2
17O 300 K 46.94 0.0257 19.080 0.04052

HD17O 300 K 47.36 0.0264 19.084 0.04173 19.350 0.037 7
D2

17O 300 K 47.67 0.0275 19.372 0.03857

aThe shielding anisotropies in the principal axis frame of the shielding tensors, defined asDs5s332
1
2(s11

1s22), with the principal values ordered according tos11<s22<s33 .
bThe asymmetry parameters in the principal axis frame defined ash5(s222s11)/s33 .
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Downloaded 26 Nov
TABLE XII. Oxygen-17 chemical shifts and nuclear magnetic shielding constants~in ppm!.

Molecule
Chemical shift

d

Nuclear shielding constant
Wasylishenet al. ~Ref. 61!

sabsolutesabsolute
a s theoretical

H2O ~gas! 236.1 32461.5 337.9b 344.0
H2O ~liquid! 0 287.9 300.3c 307.9
CO2 ~gas! 64.5 223.4 234.6d/237.1e 243.4
N2O ~gas! 107.4 180.5 199.7f 200.5
OCS ~gas! 200.0 87.9 105.4/98.8g 107.9
CO ~gas! 350.2 262.3 259.2h 242.3
OF2 781 2493.1 2479.8e 2473.1

aAbsolute shielding determined from the experimental shifts relative to liquid water, assuming the ab
shielding of gaseous water to be 32461.5 ppm.

bCCSD~T! result from Ref. 12.
cBased on the gas-to-liquid shift determined in a combined molecular dynamics/DFT approach~Ref. 67!.
However, this shift includes rovibrational corrections for the liquid state~implicit!, but not for the gas2phase
molecule.

dFull-valence CAS/IGLO calculations from Ref. 68.
eCCSD calculations from Ref. 69.
fCCSD~T! result from Ref. 12.
gRASSCF calculations without/with rovibrational corrections from Ref. 19.
hCCSD~T! calculations including rovibrational corrections from Ref. 3.
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IV. A NEW ABSOLUTE SHIELDING SCALE FOR 17O

Our calculated oxygen shielding constant in H2
17O of

32461.5 ppm, differs substantially from the experimen
absolute shielding constant 344.0617.2 ppm determined on
the basis of the proposal of Wasylishenet al.61 However, the
oxygen chemical shift of water in the gas phase relative
C17O is experimentally 386.3 ppm, in fairly good agreeme
with the theoretical oxygen shift obtained in this work re
tive to the carbon monoxide shielding of Sundholm a
Gauss,3 383.3 ppm. We take this as an indication that,
taking proper account of rovibrational corrections and us
saturated basis sets and highly correlated wave functi
agreement with experiment can be obtained for the chem
shift, and that the experimental absolute shielding cons
can now be determined on the basis of the results prese
here and in Ref. 3.

The results of this investigation and that of Sundho
and Gauss overlap if both estimated error limits are ta
into account. In proposing a new shielding scale we are fa
with making a choice between the results of the pres
investigation—obtained using large RASSCF wa
functions—and the CCSD~T! results of Ref. 12. In both
cases, the oxygen shielding is quite sensitive to the ge
etry. We note that the introduction of a perturbative trip
correction leads to quite large changes in the shielding
carbon monoxide relative to the CCSD result (23 ppm).3

Furthermore, the basis set used in Ref. 3 derives back
paper by Gauss, where the basis set is compared on
smaller basis sets, displaying a rather large basis-set de
dence, the difference between this set and the second la
being about 4 ppm.62 This lack of basis saturation was note
also in Sec. III A, in our discussion of the SCF calculation
Since the description of electron correlation in water is mu
simpler than that in carbon monoxide and since all our lar
RASSCF wave functions give a narrow range for the oxyg
shielding of water—smaller than the triples corrections o
 2007 to 157.181.190.103. Redistribution subject to A
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served in the coupled-cluster calculations on CO—
choose to use our oxygen shielding constant to establish
new absolute shielding scale, noting that the basis set u
by us is much larger than the basis set used by Sundholm
Gauss. We therefore propose 324.061.5 ppm in gaseous
H2

17O water at 300 K as a new reference for the absol
shielding constant of the17O nucleus. Alternatively, using
the experimental chemical shift of water relative to carb
monoxide, the shielding scale could be based on an abso
shielding of262.361.5 ppm in C17O.

It is of some interest to investigate how this new shie
ing scale affects the agreement between theory and ex
ment for some molecules where both experimental and
oretical results are available. Such a comparison is prese
in Table XII. More specifically, we have taken as a starti
point Table 2 of the paper by Wasylishenet al.61 and esti-
mated, based on experimental chemical shifts, new abso
shieldings for various oxygen-containing molecules. In Ta
XII, we have included also recent high-levelab initio results.
However, it should be noted that only for a few molecules
these calculated numbers include rovibrational correctio
In these cases, our new shielding scale improves the ag
ment of the theoretical results with experiment as compa
to the old scale. Furthermore, the sign and magnitude of
deviations of the other theoretical numbers—not correc
for rovibrational effects—from the experimental values
consistent with the observation that, apart from OF2, rovibra-
tional corrections lead to a deshielding of roughly 10 pp
rather than shielding of the oxygen nucleus, as found here
water and elsewhere for CO3 and OCS.19 Subtracting this
estimate from the rovibrationally uncorrected theoretical
sults leads to a clear preference of the present shielding s
over the old one. This general conclusion was already an
pated by Wasylishenet al.,61 and our work together with
Ref. 3 validate their prediction.
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V. CONCLUSION

We have presented rovibrational corrections and the
lated temperature and isotope dependencies of the nu
magnetic shielding tensors~shielding constants and anisotr
pies! of the water molecule. The corrections have been ba
on RASSCF calculations where a large active space an
large basis set have been employed. For the water mole
the rovibrational effects are as important as those of elec
correlation. On the basis of these calculations, we propo
new absolute scale for the17O shielding in the H2

17O isoto-
pomer in the gas phase at 300 K, 324.061.5 ppm. This is in
close agreement with the value obtained by combining
experimental gas-phase chemical shift between water and
CO molecule with earlier CCSD~T! calculations for the ab-
solute shielding of CO. Thus, we are able to verify the lat
calculation and suggest that the earlier experimentally ba
absolute17O shielding scale be abandoned.

The new scale leads to a significantly better agreem
of modern theoretical calculations with experiment, in p
ticular when considering that the—in most cases—omit
rovibrational corrections to the calculated results appea
typically lead to a deshielding of roughly 10 ppm. The ca
of OF2 forms an interesting exception and should be exa
ined further.

The accuracy of the presently calculated secondary
tope effects on1H and 17O shielding constants will allow a
meaningful comparison with modern gas-phase experime
once the latter become available. The gas-phase isotop
fects on the corresponding shielding anisotropies and as
metry parameters found are likely to be too small for expe
mental detection.

Note added in proof. We have been informed by Prof.
Gauss that he has reinvestigated the oxygen shieldin
C17O using larger basis sets, obtaining an absolute nuc
shielding of260.6 ppm. This result is in much better agre
ment with our result. Indeed, using the nuclear shielding
water calculated at the experimental rather than optimi
geometry~being 1.7 ppm larger!, we derive from our data an
oxygen shielding in C17O of 260.7 ppm, which gives a per
fect agreement between the CCSD~T! study on C17O and the
RASSCF study on water presented here.
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