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Theoretical and Physical Aspects of Nuclear Shielding

BY CYNTHIA J. JAMESON

1 Theoretical Aspects of Nuclear Shielding

A. Ab Initio Calculations.- Nuclear shieldings of Cu, Ag, Zn, Cd,

and Mn in metal complexes were calculated by a finite perturbation
SCF method using the MIBI-1 basis set for metal atoms and li-

122 Tnis basis set is of double zeta quality for valence or-

gands.
bitals. The gauge origin is taken at the position of the metal
atom. In these complexes the primitive metal atoms are character-

1051250 oxcept

ized by the ground state electronic configuration d
for Mn which is d°s2. The complexes studied are Ag(H,0)g", AgF, ",
AgCl,™, AgCl,3”, Ag(oN),37, Ag(NHy),", Cd(H,0)52%, CdCl,, CdC1,%7,
Cd(CN)42_, Cd(CH3),, CuCl, CuC143_, Cu(CN)43', Cu(NH3JZ+,

Zn(Hy0) %%, ZnCl,, ZnClz%7, Zn(CN)427, Zn(NH3) 4%, and Mn(CO)gL (L
= H, CN, CHs, Cl). The shielding contributions are analyzed
according to diamagnetic and paramagnetic contributions and in
terms of individual MO contributions to each. As expected, the
ligand AOs make only minor contributions to the metal shielding.
For example, in Cd(CHy), only 75/4851 of the diamagnetic term and
-28/1090 of the paramagnetic term come from the two CH3 ligands.
The diamagnetic term is dominated by the inner core MOs on the
metal, the valence MO contributions are only 5-18% of the total
diamagnetic term. Although the absolute shielding is dominated by
the diamagnetic term, the differences in shielding between
molecules are primarily determined by the valence MO contributions
to the paramagnetic term. These findings support the general
assumptions which are usually invoked in approximate treatments of
chemical shifts which include only the valence MO contributions to
the paramagnetic term. The small changes in the diamagnetic term
from one complex to another result from the transferability of the

core MOs and the small relative contributions of ligand orbitals.
1
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The calculated metal d orbital versus p orbital contributions to
shielding are described qualitatively in terms of the empirical
electron donating and withdrawing properties of the ligand. For
the dms1_2pO configuration, an electron-donating ligand deshields
the metal nucleus primarily by donation of electraons from the
ligands to the metal p orbitals whereas an electron-withdrawing
ligand deshields the metal nucleus yia back-donation of electrons
from the metal d orbitals to the ligands. The relative
contributions of the d and p mechanisms depend on the metal and the
number and nature of the ligands.

The calculations on the Mn complexes as representative transi-
tion metal compounds show that the paramagnetic term and the chemi-
cal shifts between complexes arise primarily from terms, which in
the perturbation scheme, are represented by transitions which are
largely dn*du' This explains why approximate treatments which con-
sider only the dw+da terms using a simple crystal field model work
at all. The paramagnetic contribution to the shielding in Mn is an
order of magnitude larger than those of the IB and IIB metal com-
plexes. In the former there is a paramagnetic shielding which
arises due to an intrinsic open d shell, whereas in the latter, me-
chanisms of electron donation to or from ligands are necessary in
order to create holes in the d shell or electrons in the outer p
shell of the metal atom.

For nuclear sites of sufficiently low symmetry there are non-
vanishing off-diagonal shielding components oij(j#i) in the princi-
pal axis system, reviewed in the previous volume of this series.

3

The antisymmetric compenents of the 13¢ shielding tensor~” in sever-
al compounds (oxetane, cyclopentane, 1,3-cyclopentadiene, 1,4 cy-
clohexadiene, nitromethane, acetone, acetaldehyde, cyclopentane,
ethylene sulfide, ethylene oxide, cyclopropene, and cyclobutene)
have been calculated using the individual gauge for localized orbi-
talg (IGLO) method.?® The root mean square antisymmetric components
[z (0?.]2]42 range from 1.0 ppm in CH313CHD to 139.4 ppm in cy-
c}dgigpene (13C=]. The contribution of the antisymmetric compo-
nents of the shielding to spin-lattice relaxation by shielding in-
teractions can be large enough in some cases (0.20 to 0.88 times as
large as the shielding anisotropy contribution, and 2.0 times as
large in the cyclopropene case), to be a significant contributor to

this relaxation mechanism. Nevertheless, the experimental determi-
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nation of the sum of the squares of the antisymmetric shielding
components is problematical unless the shielding interactions me-
chanism can be made dominant by observing favorable molecules in
very high fields. Nuclei much heavier than 3¢ should be more fa-
vorable. Unfortunately, the antisymmetric components of the
shielding are less accurately estimated in these cases and the re-
sults now available from this work? and those reviewed in the pre-
vious volume of this serieqﬁ do not show any obvious correlations
between electronic structure and magnitudes of 13¢ antisymmetric
components.

Calculations of 'W and 13¢ shielding in a variety of small mo-
lecules (CH,, CH3NH,, CH30H, CH5F, CH5F5, CHF5, CF,, HCN, H,CO,
CoHgs, CyHys CyH,, CH4CHO, CH4CH,CHg, CHgCH=CH,, CH,=C=CH,, CH3C=CH,
NHy, H50, HF) by Ditchfield's GIAO SCF FPT method using 4-31G basis
sets give relative proton shifts to :0.5 ppm and relative 3¢
shifts to *6 ppm compared to gas-phase data.® The calculated
absolute shieldings tend to be too shielded compared to
experiment. Of course, some of the discrepancy can be accounted
for by rovibrational corrections, but for tetrahedral carbons these
tend to be small. For CH, for example, it is estimated to be -3.3
ppm. S0S-CI calculations of "W and 170 shielding in H202 using a
6~31G** basis set give 0(1H] = 22.24 ppm, which is 7.8 ppm less
shielded than 1H in HZD by a similar calculation, 0(17U)=149.5 ppm
which is 146.7 ppm less shielded than the calculated 1704 in H,0,
which in turn is about 50 ppm tooc deshielded compared to
experiment.7 The 'H shieldings in isoclated H,0, H3D+, and
OH™, respectively are 31.2, 22.2, and 39.1 ppm at the equilibrium
configuration. The 170 shieldings are 326.5, 298.9, 318.0 ppm
Pespectively.8 In this calculation the 17D shielding in H,0 is
also too deshielded compared to the experimental value of 357x17
ppm, which is obtained from the absolute shielding scale recently
reported by Wasylisheng based on the molecular beam experiment on
t'70. The gas phase value for H,0 is 344.0 ppm at 293 K, which
when combined with the 13.6 ppm vibrational correction by Fowler

and Raynes10 170

gives 08(170 in H>0)} =357 ppm. The available
shielding calculations for H,0 (reviewed in Veol. 12 of this series)
also give results which are less shielded than experiment.
Apparently, the paramagnetic contribution to 174 shielding is

overestimated by theoretical calculations.g


http://dx.doi.org/10.1039/9781847553713-00001

Downloaded on 17/01/2017 21:14:09.
Published on 01 November 1986 on http://pubs.rsc.org | doi:10.1039/9781847553713-00001

View Online
4 Nuclear Magnetic Resonance

B. Semi-empirical Calculations.- An empirical relation between two

experimentally independent guantities: the chemical shift on the
one hand and an optical parameter which can be calculated from the
visible-UV spectrum of the complex on the other hand has been pre-

sented.'! For df complexes such as those of Co(III) the optical
parameter incorporates the nephelauxetic ratio (8 = Bcomplex/Bgase-

ous ion: the ratio of the Racah parameters for interelectronic re-

pulsion) which is calculated together with the L matrix elements,
within the framework of the parametrized d® model on the basis of
the two absorption bands of cubic parentage for the complex. The
energies of the first and second cubic transitions are predominant-

ly determined by B. Thus, a parameter I is defined:

(a)

~ 1 (a)
z = h1(a qu

)/ 8 (1)

(a)

where h1[aqT1g ) a = X, y, z is the energy of the first cubic

transition a1A1g*a1T as obtained from the visible-UV spectrum,

The a in frant of th;gterm symbol indicates that this is the lowest
term of the symmetry type in question. hz(aszg(a]) corresponds to
the a1A1g+a1T2g transition.

In the interpretation of chemical shifts of d complexes both
the spectrochemical series (A series) of ligands and the nephe-
lauxetic series (B8 series) have been used. The present abservation
indicates that the order of transition metal chemical shifts
induced by ligands might be governed by an "internal field
strength” parameter A/B. The internal field strength series for
ligands runs as

- - - e
CN > NH3 > Br ~ C1 > HZD >

in which the heavy halides have been moved forward with respect to
the spectrochemical series due to their high nephelauxetism (low B
values]). The dimensionless internal field strength parameter A/B
is empirically determined from those values of A and B which repro-
duce the observed transition energies h, and h, as differences be-
tween the lowest eigenvalues of the Aqg(5x5), T1g(4x4], and
ng(7x7) matrices for the energies in an intermediate field (in
which the off-diagonal elements represent the interelectronic re-
pulsion). In the interval 1.10 < hy/hy < 1.55, A and B can be ap-

proximately described by a numerical fit:
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2
= - * -
8 = hy*(h,=h )*{0.1824(h,/h,)*~0.5531(h,/h )+0.8165}.

e=(h2—h1)*{4.077x10‘2(h2/h1)2—7.090x10'2[h2/h1J+9.352x10'2}
(2)
The paramagnetic term is then written in terms of the parame-

ters Z(u), a = x, y, z and (<P3d_3>/ﬁ]:
P, 2 2 -3
o = (uDB /12mm )[<P3d >/B).

{ = |<a1A1g|Lala1T1g(“’>]2/E(“]}. (3)
a=X,y,Z
This gives an improved linear correlation for 53¢o shifts in
Co(III) complexes and the slope of the straight line reflects the
magnitude of the unknown parameter (<r3d_3>/8). This "effective”
r73 value includes the influence of the ligands on the radial term,
if B is small, and nephelauxetism (electron cloud expansion} is
large.
The conformation dependence of the 13¢ chemical shifts has
been calculated for carbonyl, Ca, and CB in polyglycine I and II

and poly(L-alanine) a-helix and Bg-sheet forms. 12

The results are
found to be qualitatively consistent with the observed conforma-
tional dependence as determined by the cross-polarization MAS tech-
nique. 9F chemical shifts in BF,_ (OM) " and BF,_ (0OH).” were
calculated and discussed in terms of the electranic structure of

these molecules.13

2 Physical Aspects of Nuclear Shielding

A. Anisotropy of the Shielding Tensor.- The 13¢ shielding tensors

in linear and pseudolinear (containing only H atoms off a C_ axis)
molecules have been determined by cross-polarization and intermole-
cular cross-polarization experiments on solid solutions of the

1% The results are shown in Table 1

molecule of interest in argon.
as absolute shielding; the reported chemical shifts relative to ex-
ternal liquid TMS were converted using an absolute shielding for
TMS = 185.4 ppm.15’16 There are several interesting points worth
noting in this study. One is that the assignments of three princi-
pal values to three principal axes in Table 2 required the correct
relative ordering provided by theoretical calculations. The re-
sults of such calculations by a coupled Hartree-Fock method using

individual gauges for localized molecular orbitals (IGLO) are also
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The calculated values of the components relative to

CH, differ by less than 40 ppm from experiment, except in CO.

Agreement

with ¢
av

was much better

(to within

17 ppm). The calcu-

lations agree with only one permutation of the experimentally

Table 1.

nents,

from TMS have been converted to absolute shielding values
3.20£0.27 ppm.'©

an 13c

Axially symmetric 13¢ absolute shielding tensor compo-

in ppm.14

in CO =

Experimental values originally reported as ppm

hased

On this shielding scale 3¢ in

liquid TMS at room temperature is 185.4 ppm.15

Molecule o, 9, 9oy oiso(liq)
Co -119.6 233 .4 -1.9 3.2
CDZ -59.6 275.4 52.1 53.2
0cs -89.6 275.4 32.1 31.4
CSZ -146.6 277 <4 -5.3 -7.4
c=t=c=f=0 -49.5 275.4 58.7 57.7
0-c=E-=c=0 161.4 275.4 199.4 200.0
HC=CH 35.4 275 .4 115.4 113.5
CHBCEﬁH 45.4 259.4 116.7 117.0
CH3E5CH 19.4 278.4 105.7 105.68
ey Eaten 33.4 260 .4 109.1 110.6
CH2=ﬁ=CH2 -47 .6 10.4 -28.3 -28.1
Table 2. 13C absclute shielding tensors, ppm,’14 as in Table 1.

(#) The component along the long axis of the molecule

(pl)

of the molecule, lying in the CH, plane.

The component along an axis perpendicular to the long axis

Molecule G4y 955 0qg 9y ciso(liq)
CH,=CH, -48.5(pl) B5.4(1)  161.4 59.4 62.1
CH2=E=D -79.5(pl) -53.5 108.401) -8.3 -8.6
ﬁH2=c=D 146.4(pl) 181.4 212.4(1)  182.4 182.9
ﬁH2=C=EH2 27.4(pl) 131.4(41)  162.4 107.1 110.8

observed shielding components,

fidence.

thus allowing assignments with caon-

In linear molecules the paramagnetic contribution to ¢ is

zero by symmetry so long as the gauge origin is chosen anywhere
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along the line of centers. The similarity of the 9y values in the
linear molecules shows that the diamagnetic contribution varies on-
ly slightly from one electronic environment to another. With the
presence of symmetry-breaking protons off-axis, the paramagnetic
term is no longer "quenched” and contributes to the component along
the long axis of the molecule in dramatic contrast to the linear
case.

13¢ shielding tensors have also been reported in quinal,17
HCN,18 halaobenzenes, PhX (X = F, Cl, Br, 13,19 in trans-polyacety-

lene,ZD 21

and in L-asparagine monchydrate. In quinol and the halo-
benzenes, the component perpendicular to the molecular plane is the
most shielded component and becomes more shielded with separation
of the C atom from the substituent (with the exception of PhI),
e.g., increasing from 81.4 ppm for the 81 carbon to 185.4 ppm for
;;; para carban in PhF.19  In contrast the isotropic average does
not show regular changes with the position of C in the ring. 0n
the other hand, the shielding component of C4 perpendicular to the
ring changes drastically with X: 179.2 ppm in benzene (H), 173.4
ppm (I), 133.4 ppm (Br), 131.4 ppm (Cl), 118.4 ppm (0OH), S81.4 ppm
(F), in the direction one might expect by using electronegativity
arguments. In HCN the 13¢ shielding anisotropy is reported as
334+20 ppm, and there is some indication that the molecular struc-

18 The orientation

ture of HCN varies with liquid crystal solvents.
of the 13[) shielding tensor axes in pairwise 13C-enr‘iched undoped
trans-polyacetylene has heen determined. G4q = -31.5 ppm along an
axis which makes an angle of 40:5° with respect to the C-C bond and

80x5° with the C=C bond. 955 42.4 ppm, gaa

axis perpendicular to the molecular plane.
sotropy of 13¢ shielding has been published.zz

= 140.4 ppm along an

A review of the ani-

The 15N shielding tensor for the peptide bond in glycylglycine
hydrochloride monohydrate has been reported.23 The 170 shielding
tensors in the hexacarbaonyls of Cr, Mo, and W are shown in Table
3.2% The '3C shielding tensors in the same molecules were measured
as well, however the recent values do not differ significantly from
the earlier report in Volume 11 of this series. 18 nmr of single
crystal sym-CgCliF5 yields the following absolute shielding compo-
022J = 262.8 ppm, 933
compared to EBF8 in which they are 302.8 and 460.8 ppm respective-
ly.25

nents: t@ (011 + = 390.8 ppm, which may be

The 19F powder spectrum at 77 K in CFBrs gives an anisotro-
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py Ao = 14212 ppm,z6 which is comparable to that in CFC13. In
KZnF3 the 19¢ hucleus is in a nearly ionic bond so the anisotropy
is very small (18.6 ppm), o, = 390 ppm and o, 371.4 ppm, where the

]
unique axis is along the Zn-F-ZIn direction.?

Table 3 170 absolute shielding tensor components, ppm.24 The val-
ues originally reported in ppm relative to liquid H,0 are con-

verted to absolute shielding using the new 179 absolute shield-

ing scale in which (170 in liquid H,0) = 307.9 ppm based on 17q
in CO(molecular beam) = =-42.3:17.2 ppm.>
949 922 933 bo %ay
free CO -142 -142 411 553 -42.3
Cr(CD)E -307 =271 402 6391 -58.8
MD(CD)E =277 -248 387 650 -46 .1
W(CD)B -259 -228 375 618 -37.4

Table 4 3'p absolute shielding tensor components, in ppm.z9 The
values originally reported in ppm relative to 85% H3P04 are con-
verted to absolute shielding using s(3'p in B85% H4P0O4) = 356

{:opm,—j[J based on PHy = 587 ppm from the molecular beam results.3’
911 922 %33 bozoyma, Iy
Free PD43_ (85% H3PO,) 358 358 358 0 356
End PO,3"
K4P205 274 399 393 -125 357.3
Na4P207 276 393 393 -117 354
K5P3D1D 250 411 411 -161 357.3
KgP304q 266 407 407 -141 360
(NaP03) 261 401 401 -140 354
N 3-
Branching PO,
P4040 290 321 596 290 402.3
in silica 319 313 546 227 394.7
Middle PO,3"
K5P304g 281 340 504 375

(NaPDa]n 268 343 516 375
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The 3'p shielding anisotropies in isolated, end, middle, and
branching phosphate groups are related to the bond orders of the P-
0 bonds around the P nucleus.?% The ideal PD43' tetrahedron, an
isolated phosphate ion, has 4 equal P-04 bonds each with a bond
order ~ 5/4 and an isotropic 3p shielding. An end PD43_ and a

3- are axially symmetric PD43_ environments which can

3-

branching PO,
be considered as evolving from the isotropic PO, by transfer of =
bond character from one bend to the other 3 bonds making 3 terminal

3- moiety)

P-0y bonds and one P-0, bridging bond (this is an end PO,
or by transfer of = bond character from 3 bonds in the isotropic
case to one bond, making one terminal P-0; bond and 3 P-0, bridging
bonds (this is a branching PD43_ moiety). 1In the end phosphate
groups the P-04 along the symmetry axis has lost n bond character
to the other 3 and this is accompanied by a decrease of 3p
shielding parallel to the axis and an increase perpendicular to
this axis. A branching PU43-,Fopmed by transfer of 7w bond
character to one P-0; bond on the symmetry axis (a change of
electron density in an apposite direction from that in the end
phosphate group), has the opposite shielding anisotropy. The 3p
shielding parallel to the symmetry axis increases and shielding
perpendicular to the axis decreases relative to the free PD43_

ion. In both the branching and end phosphates the change in
shielding component parallel to the bond is in the same direction
as the change in the bond order, whereas the component
perpendicular to it changes in an opposite way. These effects are
illustrated in Table 4. These results are in agreement with earl-
ier data reviewed in Vol. 14 of this series. The shielding tensors
of all three 3'P nuclei in chlorotris (triphenylphosphine) rhodi-

um(I) are reportsd.32

The most shielded component is parallel to
the P-Rh bond in each case.
29g3 shielding in single crystal Mg,Sin, has the following
a = 55.3 ppm, o = 95.4
28 %%3 33
ppm relative to external TMS liquid. Cd tensors in Cd(II)

acetate dihydrate, diacetate dihydrate, maleate dihydrate, formate

shielding components: O4q = 38.8 ppm,

dihydrate and diethylphosphate single crystals are reported.33_35
118gn in n-Bu3SnF has shielding components of 157 ppm, 69 ppm, and

-198 ppm relative to SnMe4.3B

B. The Effects of Rotation and Vibration.- The temperature depen-

dence observed in the gas phase in the zero-pressure limit has been
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interpreted in terms of the existence of a nuclear magnetic shield-
ing surface which together with the intramolecular potential energy
surface determines the rovibrationally averaged values of the
shielding., The latter are measured as the residual shifts of the
resonance freguencies with temperature after the intermolecular
(density-dependent) effects have been removed. The same theoreti-
cal interpretation is used for the isotope shifts, measured as dif-
ferences in resaonance frequency between isctopomers, in which the
isotopically substituted atom is one or more bonds away from the
observed nucleus. The temperature dependence of the shielding in

the isolated molecule is then expressed as

oy (T) = <o>! = o, * ?(30/39 )¢ 91>T
1 2 T,
* /Zizj (3 c/agiaqj)e<qi§|j> (4)

where 91 are curvilinear internal displacement coordinates such
as Ari and Aaij, which are mass-independent. The isotope shift is

given by,

<o>T-<o’t = T(80/29 ) (< <G >0 (D)
i
LV 1 (%6039 39 ) 19,9 =<9 9 01T

i,
(5)

+

Thus, both the temperature dependence of the shielding in the gas
phase zero-pressure limit and the isotope shift contain information
about the nuclear shielding surface (in the form of its derivatives
at the equilibrium configuration of the molecule) and the potential
energy surface (in terms of thermal averages of bond displacements
and angle deformations and mean square amplitudes).

To first approximation, the series in Eg. (4) and (5) may be

truncated at the linear terms.

GD(T)-UU(SUD K}

i

?”"/"91’9“9‘i’T‘<9‘i>SDD] v . (B)
1

u

g - g £(80/3G ;) [< G >-<G > 1T + ..o (7]
1

For diatomic molecules it has been shown that Eq. (6) is a very

good approximation whereas Eq. (7) is not always 50.37
ST .« gi>BDD K]

The temper-

ature effect on bond displacement [< 4 includes an

i
important and frequently dominant rotational contribution which is
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linearly dependent on T, thus making this term more important than
the term containing the temperature effect on the vibrational mean
square amplitudes (<93 95> - <F; 9 ;>3001.38792 90 the other
hand, the mass effect on bond displacement [<§ j>-< 9 1>"1(T) has

little or no rotational contribution.®1742

In some cases, there-
fare, notably in the HF molecule, the contribution to the isotope
shift from the (<Ar)2> - <(Ar)2>’] term can be comparable to the

contribution from the [<Ar> - <Ar>’] term. In the worst case, HF,
they constitute roughly 1/3 and 2/3 of the observed isotope shift

respectively.37

In most other molecules where higher derivatives
have been calculated, the contributions to the NMR isctope shift
due to the <Ar> term has been found to dominate over all the
others. 10,37 Also, it bhas been shown for bent triatomic molecules
H,0, H,S, H,Se, 04, 302, and Sel, as well as for pyramidal
molecules NHy, PH3, NF3, and PF3 that the mass effects on the mean
bond displacement [<Ar> - <Ar>’] are much greater than that on
the mean bond angle deformations [r<Aa> - P<Aa>'].42 These trends
are used as the basis for interpretation of the observed tempera-
ture dependence of '9F shielding in 0=CF,,3° '9n in wng,?0 3¢ in
C02,4D 13¢ in CH4.41 The temperature dependence of the mean bond
displacements <Api>T has been calculated for these molecules by
Osten and Jameson using the method of Bartell,45 in which <3V/Bzi>
= 0, the quantum mechanical analog of Ehrenfest's theorem, leads to
coupled linear equations which relate the mean displacements <Ar, >
and <Aaij> to the mean square amplitudes <AriAP,>, <APiAuij>.
etc. The coefficients of the mean square amplitudes in these
coupled equations are the guadratic and cubic force constants in
the intramolecular potential V for the molecule. The method is
implemented such as to include up to quadratic terms in the
curvilinear relationship between <aAr> and the cartesian
displacements.39

The mass dependence of <Ar.> has been determined in these mo-
lecules for 3/2/1H, 13/12C, 15/%4N, and 15/150 isotopes providing
the basis for the interpretation of the observed isotope shifts.
The temperature and mass dependence of <Ar;> and of r<Aaij> in the
molecules HZD, HZS, HZSe, 03, 802, SeDz, NH3, PH3, NF3, and PF3
have also been calculated by Osten and Jameson, using the same Bar-
tell approach, for 2/1H and 15/150 isotopes. These are then used

in the interpretation of the isotope shifts and temperature depen-
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dence of nuclear shielding in the zero-pressure limit for some of
these molecules.42

The temperature dependence of r<Aa> in the bent triatomic mo-
lecules and in NHy is found to be opposite that of <Ar>. This
arises from the rotaticnal contribution to the mean bond angle de-
formation having a negative temperature coefficient, that is, the
bond angle decreases with increasing temperature. Thus, the tem-
perature dependence of the shielding in these bent molecules could
consist of two terms of opposing sign, if the shielding derivatives
(aa/aAr) and (ao/aAaJ are of the same sign. This provides a pos-
sible Pxplanatlon for the unusual temperature dependence of 15N
shielding in NH3, which is also observed for 5P shielding in PH5.

The interpretation of the temperature dependence of nuclear
shielding in the zero-pressure limit using Eg. (B) allows the de-
termination of a single parameter from the experimental curves, an
empirical estimate of a shielding derivative, (ao/aAP)e. Some ex-
amples of these have been reviewed.47 The interpretation of nmr
isotope shifts using Egq. (7) allows the determination of an empiri-
cal estimate of (ao/aAr}e as well, in favorable cases. Isotope
shifts can be measured with much better precision than the tempera-
ture dependence of shielding in the zero-pressure limit, so that
this appears to be an attractive alternative. However, since the
quadratic terms not shown in Eq. (7) make significant contributions
to the isotope shift in some cases (HF for example), these esti-
mates are not necessarily superior to those obtained from the less
precise temperature coefficients in the zero-pressure limit. These
two sources of empirical knowledge of the shielding surface are
complementary.

The 'SF nuclear shielding has been measured as a function of
temperature in the gas phase zero-pressure limit for the following
molecules: EFZHZ' CF HCl CFHEIZ, CFZCIZ, CFCI3, CF3I, CFBCN,4g
CFZ-CHZ, CFZ—CF?.50 These are shown in Table 5. The temperature
coefficients of '9F shielding in the fluoromethanes (the above mo-
lecules plus others previously reported, CHaF, CFBH, CF4, EF381,
and CF3Br) are found to vary systematically with the absolute 19¢
shielding in these molecules, especially when a series of related
molecules (e.g., CFH3, CF2 2 CFaH, CF4] is considered. The less
shielded '9F nuclei have larger temperature coefficients.?! 1t is
also found that the 13/12C-induced isotope shifts in the 13¢
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shielding correlate with these temperature coefficients, i.e., the
magnitudes are nearly linearly related. This is not surprising if
Eg. (6) and (7) are valid. The dynamic factors characteristic of
the C-F bond do not change drastically from one molecule to the
next, and both the observed quantities are determined by
(aoF/aArEF)e. Thus, the correlation between the temperature
coefficients and the absolute shielding implies a correlation

between the shielding derivative and the absolute shielding.

Table 5. Temperature dependence of the T8¢ nuclear shielding in

the zero-pressure limit.48-50

Molecule T range, K [aD(T)—aD(BDD K)1/ppb = a1(T-3DU)
+ ay(T-300)?

aq ar

CF,CL, 265-380 -9.06

CFC1g 310-380 -11.65

CFZHEI 255-380 -4.86 -1.19x10_2
CFHC1, 280-380 -5.92

CFZHZ 230-380 -2.89 —1.59x10-2
CFI 237-380 -7.57 -2.12x1072
CF3CN 300~380 -9.25

CF,=CF,  230-350 -8.13 -2.09x1072
EF2=CH2 225-380 -4.07 -1.59x10_2
C. Isotope Shifts.- A review of isotope shifts, with emphasis

on 2/M4-induced 13C shifts has appeared.SZ

In addition, isotope
shifts are reported for several observed nucleus/isotope

1]
53-72 (" /mX) for a shift in

the observed A resonance frequency due to substitution of m'X for

pairs. We use Gombler's notation "aA

My {m'>m) n bonds away from the observed nucleus.

1~4A1dc[2/1

additivity and geometrical dependence of the isotope shifts.

H) values for 13 isotopomers of adamantane-d, show
53 1
A

and 2A are -400 and -100 ppb respectively. The exo and respective-

ly endo D 1A to 4A effects are additive. The 3A and 4A are 0 to
-55 ppb and +16.9 to -13.5 ppb respectively., The 3A dependence on
the dihedral angle is analogous to 33 (Karplus-type eqguation) but

the values of 3A close to 0° are considerably larger than those at
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180°. In all cases the D atom is spatially cloeose to the vy carbon
in question or to a H directly bonded to it. A through-space in-
teraction of the o H/D with the electrons surrounding the y carbon
is proposed to account for this. A through-space interaction which
is partly steric and partly C-H(D) dipole- &C electron interaction
is also proposed for the 4A effect. The '3C-induced '9F shifts in

fluorocadamantanes and fluorodiamantanes are reported as §. (nearer

F
to 13[3) - GF (farther from 13C).57 Because isotopic substitution
is in the ring system, what is observed are composite isotope

effects through several paths. For the fluoroadamantanes,

(1A-3A-5A) = -0.016 ppm and (ZA*BA—24A] = -0.017 ppm. For the
fluorodiamantanes, (2A+5A-3A-5A) = -0.007 ppm, [2A+5A-25A) =
-0.015, -0.016 ppm, and (Ja+2a-2%a) = -0.002, -0.007, -0.011 ppm

depending on the path (correlating with the 3J(CF) values of +2.5,
+11.0, and +10.0 Hz along the same pathway). Two- and 3-bond
isotope shifts in alcohols, diols, polyols and oligosaccharides,
and in protonated amines under conditions of slow hydrogen exchange
have been observed.’® 2a13c(?/'4) is -0.090 to -0.136 ppm for COH,
-0.055 to -0.097 ppm for CNH. 3a3c(%/ W) is -0.010 to -0.070 ppm
for CCOH. Higher degree of substitution of H by other groups on N
or C leads to lower magnitudes of isotope shifts, also the more

shielded the '3C the smaller the magnitude of the isotope shift.

19¢ 51

The latter correlation has alsc been naoted in
1A31P(38/3251 = -0.0184 ppm in thiophosphate anhydrides, near-
1,31,,34/32 : _ 60
A" P( S) -0.0097 ppm for terminal P=S bonds. The
isotope shift for bridging P-S bonds is much smaller, -0.0087 and

isotope shifts.
ly twice

-0.004 ppm respectively. The corresponding terminal and bridging
1A31P[15/1501 values are -0.0455 ppm and -0.019 ppm. The magni-
tudes of the S-induced isctope shifts compared with the O-induced
isotope shifts can be explained by the (m’-m)/m' factors in the mo-

44 1A19F(34/328) is shown to have a linear de-

del discussed below.
pendence on the S-F bond length in a wide variety of compounds with
bond lengths varying from 1.55 A to 1.72 A, and isctope shifts from
-0.01 to -0.07 ppm.58 The first 129xe isotope shifts are reported:
-0.52 and ~0.58 ppm per 180 substitution in XEDZFZ and XeOF, re-

5pectively.54

The large magnitudes of these shifts compared to
other 180-induced shifts are consistent with the previously noted
dependence of the isctope shift on the chemical shift range of the

observed nucleus.?3 In HCzCH the one-bond D-induced 13¢C isotope
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shift is smaller than the two~bond shift, they are -0.223 and

-0.438 ppm respectively.55
2,179¢"18/18g) . _5.108:0.002 ppm in [0-U=012%,85 although this is

not so unusual when the chemical shift range of 70 is compared

Ansther large two-bond shift is

to 13¢. several isotope shifts of transition metal nuclei have
been observed recently.61—53 13¢-induced metal shifts have the

usual sign, -0.73 ppm for 55Mn in (RNC)EMnBF4,63

and ~-0.27 ppm

per 3¢ for 5ty in hexacarbonyl vanadate, V[12CD]S_n(13CD)n'.51

The usual additivity 1is observed in the latter, the isotope shift
in the 2y spectrum is proparticnal tao the number of 13co. It has
been proposed that the magnitude and sign of the one-bond isotope
shift in XH, and X0, depends on the atomic number Zy as follows:
with increasing Zy in the period the isctope shift becomes increas-
ingly negative, while with increasing Zy in the group the isoctope
shift increases algebraically and even changes sign.EZ This trend
across a period can indeed be perceived when all the observed one-
bond isotope shifts for a given nucleus are included, reduced by
the appropriate mass factors (vide infra). However, in contrast to
the above hypothesis, the trend down a group is similar to that
across a period.

Models which consider a D atom as having different electronic
properties than H atom as a substituent continue to appear.73'75
While these models may predict some systematic trends and stereo-
chemical dependence of 2/1H—induced 3¢ isotope shifts, they neces-
sarily invoke a breakdown of the Born-Oppenheimer approximation.
That is, within the Born-Oppenheimer approximation these models
would lead to no isotope shifts at all.

When substitution takes place at equivalent positions, the
magnitude of the isotope shift is observed to be proportional to
the number of atoms that have been substituted by isotopes. This
additivity has been observed to hold within experimental error in
nearly every case for one-bond as well as 2- and 3-bond isotope ef-
fects. There is also an almost (not guite) linear dependence on
mass change observed in cases where more than two isotopes of the
same substituent are involved, as in 36/34/325, The theoretical
basis for the observed additivities has been demonstrated by Osten
and Jameson using the isotopomers of methane CX4_,Y, (X,Y = H,D,T)

and the isotopomers of linear triatomic molecules OCO, 0CS, NNO
[13/12C, 16/17/150' 34/3251 15/14yy 41,44 12CH4—nDn it is found
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that
Brep> gy =4 - A e GD(n), (8)
brey>yip T 9T Syind. (%)

where d = <Argy>yip in CH, = 2.0881 x 1072 A at 300 K,

co>vip 1N By

3

d - A = <Ar

in which A = 5.5345 x 10 ° & at 300 K, and GD and 6H are small se-
condary effects (8<<A) which depend on n. Thus, the sum of the vi-
bratianal contributinons to the mean bond displacements is

4

i§1<Ari>vib = Amnd<brp iyt N98T gy

4d - nA + §(n) (10)

The rotational (centrifugal stretching) contribution to the mean C-
H or C-0 bond displacement is shown tc be dependent on n but the

sum of all four is invariant to n, i.e.,

(4-n)<ar + n<Ar.

CH>rot co”rot

4

= 4(5.24 x 107" &) at 300 K. (11)

If Eg. (7) 1s used, the 3¢ isotope shift between any two isotopo-
mers can bBe expressed as:
oC[CH D )—qC[EH D )'x[aoc/aAr) I[<ar,>-<ari>' 1 (T)
4-n"n 4-n’"n’ ey i 1
C
(3¢ /aAr)e'[4d-nA+6(n)-(4d-n'A+§[n'))]

”

(ao:/aAr)e(n'~n)A. (12)

This expresses the proportionality of the isotope shift to the num-
ber of substitutions at equivalent sites. The small deviations

from additivity which have been observed in NH4* ion, an analog of

CHy» has heen interpreted in terms of the secondary effects 6.44

For CHy_ 0, (n = 0 to 4) the deviations from additivity are pre-

dicted to be in the ratio 0 : 3 : 4 : 3 : 0, which is the same as
+ 76

the observed small deviations in NH4_nDn

The mass dependence of <Ar> in CH4, COq., CT4 and all isotopo-

mers of several triatomic molecules, is found to obey the folleowing
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general relationship for a single substitution of mass m by m 44
<AT> - <AT>' = <Ar>[(m'-m)/m’]F[m,mA,...) (13)

If Eq. (7) holds, then the isotope shifts will be proportional to
(m'-m)/m’. This is shown in Fig. 1 to be nicely verified by the
m'/74Se-induced 77Se one-band isotope shifts observed in each of
four series of molecules R177Sem,SeR2 [R1, Ry = CH3, CF3).

1
When ™' /My i an end atom, the complete mass dependence of <Ar

>
) AX
upon a single substitution of ™X by M X is found to be well repre-
sented by44
- ’ -
<Ar,my>-<Ar,m’y > o <ArAmX>[(m’ m)/m’{ [mA/Z[mA+m]l. (14)

For diatomic molecules this reduces to the same form as previously

derived,43
<Ar> - <Ar>' = <Ar>(up'-y)/2y’. (15)

Thus, if Eq. (7) is used, to a first approximation the one-bond
isotope shift of nucleus A upon substitution of an end atom can be

expressed as:44

Taa (™ /™) (90/ 200 ) g<Aramy >+ [(m=m)/m* 1 [m,/2(my +m) 1 (16)

AX ATX

Thus, the least favorable isotope shifts to observe are those for a
light nucleus upon substitution of a heavy one. The reasaons are
easily seen in Eq. (16). For light nuclei the derivative is small
(reflecting the small chemical shift range), the mass factor
ma/ (mp+m) 1is much less than 1 and so is the mass factor (m'-m)/m’.
The largest isotope shifts are predicted for heavy nuclei upon sub-
stitution of H by D or T, where the mass factor ma/(mp+m) is nearly
1.0 and (m’-m}/m’ is V5 ar 2/3.
A method of estimating <Ay itself from the bond length, the
masses, and the rows of the periodic table to which A and X belong,
without knowledge of force fields, has been proposed by Jameson and

45 This allows the estimation of the dynamic factor in Eq.

Osten.
(18) and permits the electronic factor, the shielding derivative,
to be estimated from an observed one-bond isotope shift. This me-
thod is based on a Morse diatomic molecule approximation for the AX
bond, which is a reasonable approximation if X is an end atom. 1In
this case,

<Ar> L= (3a/2) <(Ar]2>v

ib (17)

in’
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Fig.1 Effect of selenium isotopes on the 77Se nuclear shielding in
the diselenides R;775e™ SeRp. (a) R1=R2=CH3; (b) R;=R2=CFg3;
(c) Ry=CFg3, Ry=CH3; (d) R;=CH3, R,= CF3 from the experiment-
al results in W. Gombler, J. Magn. Reson., 1882, 53, 63.

where a is the Morse parameter. The mean bond displacement in a

diatomic molecule is reasonably well-represented by45

-3 -1/2 -0
I

<Ar> . % 19.35 x 10 10 -, (18)

vib

where u is the reduced mass of AX in amu, and

D = (r’e—a3]/b3 - 3{?8—62)/2D2, (19)

in which as, b7, as, and b3 are constants tabulated by Herschbach
and Laurie for different rows of the periodic table.’’ For the AX

bond in a polyatomic molecule,

-3 -1/2,.,-D
"

<Ar> .. = 22 x 10 10 . (20)

vib

The constant factor is modified somewhat to fit results of calcula-
tions of <Ar> in several polyatomic molecules.

Because of the relationship Eq. (17) for a diatomic molecule,
it is relatively easy to include quadratic terms in Eg. (16) for a

diatomic molecule:
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Taa(m/m

X) = [(30/38r,,) +(1/3a) (3%0/3ar, °) 1 +<ar

X AT

'[[m’—m)/m'l[mA/Z(mA+m)]. (21)

For polyatomic molecules there are other second derivatives besides
the one for bond stretch; nevertheless, in the context of the ap-
proximations used in Eq. (16), Eg. (21) could just as well be ap-
plied to an isotope shift upon single substitution in a polyatomic

1 and is

molecule. The Morse parameter a is of the order of 2 A~
likewise expressible in terms of the Herschbach-lLaurie parame-
ters. Using E£q. (19) or (20) enables us to estimate the electronic
factor [(ao/aAr)E + (1/3a)[820/3Ar2181 from the observed isotope
shift knowing only the bond length r,, the masses, and the rows of

45 since the

the periodic table to which the atoms A and X belong.
calculations on bent triatomics and pyramidal molecules show that
the mass dependence of the bond angle is small compared to that of
the bond length, Eq. (21) can even be applied to these systems, so

42 1t is conveni-

long as the mass substitution is at an end atom.
ent to define a "reduced isotope shift” which takes into account

the explicit mass factors in Eq. (21]:45

1

R0 2 1™ ™0 (Lint-m)/m 1 imy /2(my sm) 1}

(22)

Although AR is not completely mass-independent [<AFAX> itself is
mass-dependent), the reduced isotope shift does allow the isotope
shifts of different nuclei in a variety of environments to be com-
pared with one another. The rovibrational correction to the nucle-
ar shielding of A in an AX, molecule can be estimated from the iso-

tope shift. For a diatomic molecule this is given by
0g (T)-o, = (30/38r)g<ar> + Y (820/38r2) <(ar)2> (23)

which is the same as the right side of Eq. (21) except for the mass
factors. Therefore the rovibrational correction to nuclear shield-
ing for a diatomic molecule is given by the reduced isotope shift
itself:

A _ A _ R,
o (T = o = A4T(AX). (24)

For an Axn molecule the rovibrational correction to the nuclear

shielding of A is estimated by
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oM - o P naR (A, x) . (25)

This provides a simple, though approximate, correction to experi-
mental shielding values before comparison with theoretically calcu-

lated 9y values.

D. Intermolecular Effects.- Theoretical calculations (using Ditch-

field’'s GIAO FPT method with a 4-31 basis set) of intermolecular
effects on nuclear shielding in hydrogen-bonded systems have been
reported.78_82 The calculations of 'H shielding in H,0, (HZD)Z,
(HZD]B’ (HZD]5 using the ice geometry show the effects of secondary
and primary hydrogen bonding in ice. The dimer only contains the
primary effects (11.28 ppm increase in the shielding anisotropy and
2.81 ppm decrease in the isotropic shielding), the trimer and pen-
tamer show the effect of remote water molecules {a further 5.18 ppm
increase in the anisotropy and 1.34 ppm decrease in the isotropic
shialding).7B Shielding calculations are reported for the follow-
ing clusters, using the method reported in Vol. 14 of this ser-
tes:Pd H,CO® (Hy0),, HC(DINH,® (Hy0),, imidazole®(Hy0)5, (CoH,lo,
(H2C0)2.7g The results show that for C, 0, and N the largest con-
tribution to the shift due to hydration is the "polarization
shift”, which is especially large for the 0 atom directly involved
in the hydrogen bonds. Comparison with experiment is not so
straightforward. For C2H4, density-dependent gas-phase data are
available; however, these calculations do not include dispersion
effects nor do they average over all orientations weighted by the
intermolecular potential. The sign of the 13¢ shift in going from
E2H4 to (C2H4)2 is strongly basis~-set-dependent, so no conclusion
can be drawn from the calculations. The sign of the T4 shift is
the same as that which is normally abserved with increasing density
in the gas phase and appears to be dominated by the geometric con-
tribution. The effects of hydration on C, 0O, and N shielding in
HZCD and HC(D]NH2 are attributed to polarization shifts. For hy-
drated formamide the calculations on the HC(D)NH5- (H,0) 4.4 cluster
yield the following shielding changes relative to the unhydrated
molecule: N -15.85 ppm, C -4.84 ppm, 0 203.38 ppm, that is, N and
C are deshielded whereas 0 becomes more shielded by 203 ppm!Bﬂ It
would be useful to compare absolute shieldings celculated for the
hydrated molecule with experimental values for an aqueous solutian

of formamide. The attached '3C nuclei in CoHy, CoHy, and CoHg are
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deshielded upon complexation with Ni, whereas the other carbon
shifts in the opposite direction, according to model calculations
of 13c shielding tensors in these coordinated hydrocarbons.84

A gauge of the reliability of the conclusions based on the
above theoretical results could have been provided by citing some
experimental shielding values in the literature. For 136, 15N,
and 170, measured chemical shifts can be converted into absolute
shielding by making the connection with the liquid reference used
and the primary reference. The latter are a[13C in CO) = 3.20:0.27
ppm'®, o("°N in NH) = 264.54:0.2 ppm®% and (0 in CO) = -42.3 &
17.2 ppm.9 On these absolute shielding scales the usual liquid re-

ference shieldings at room temperature are 0(136 in TMS, cyli) =

185.4 ppm, 1% o('5N in CH4ND,, cyli) = -135.8 ppm®S and o( 70 in
H,0, cyli) = 307.9 ppm.9 For 'H the absolute shielding scale is
886

based on the H atom and on this scale the absolute a(1H in HZU,
sph) = 25.790+0.014 ppm.BB The experimental absolute shielding can
then be obtained from the measured chemical shifts 6, by &§=o(ref)
- o(sample). This reporter recommends that comparisons with exper-
imental shieldings be made in reporting any theoretical calcula-
tions. There will, of course, be effects of rotational-vibrational
averaging and intermolecular interactions included in the experi-
mental values, but these can be estimated from the magnitudes and
signs of these effects which have been reported in previous volumes
of this series.

Gas-phase NMR studies of hydrogen-bonding association in the
(CH3)ZD'HC1 system provide an experimental value for the proton
shielding change on hydrogen-bond formation (2.510 ppm) in a system

sufficiently simple for thecoretical caleulations.B”

This shift may
be interpreted as the difference in shielding between the proton in
free HC1 and in the (CH4),0°HC1, unlike shifts measured in condens-
ed phases. The effects of van der Waals interactions on nuclear
shielding can be studied by measuring the density dependent shifts
in the dilute gas phase. These interactions lead to deshielding,
i.e., the second virial coefficient of nuclear shielding is nega-
tive. The density dependence of 19k shielding in the molecules
shown in Table 6 correlates with the polarizability,except where
electric moments give additional contributions to the second virial
48-50,88  1pg gas-to-liquid shift data

for these molecules are also reported as a function of temperature

coefficients of shielding.
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and are found to be consistent with the density dependence in the
dilute gas phase, with additional many-body shielding effects.

Table 6 Second virial coefficient of '9F nuclear shielding in the

pure dilute gas,45_50’8B and molecular polarizability.go

Gas T range, K o, = iig (36/230) ;. ppb amagat™! o/ 10" 2% em3
CFH3 280-380 -13.7%£1.8 + Z-BXTU-Z[T—3UU) 26.0
CF2H2 300-380 -4.8x1.1 26.5
CF3H 240-380 -6.8x0.7 + 4-DX1D-2[T~3UU) 26.9
CF4 270-410 -8.6+0.3 27 .3
CFZHCI 300-380 ~13.6#0.9 45.4
CF3C1 220-380 -15.7+1.8 + 3.5X1U_2(T-3UU) 45,8
CF38P 300-380 -21.1:0.6 + 5-3X1D—2(T-300) 56.6
CFHClZ 350-380 -21.6%1.4 63.9
Ccmlz 330-380 ~16.821.7 + 5-7x10—3(T-3UU) 64.3
CFyl 340-380 -24.0¢2.1  +  1.4x1071(T-300) 74.4
CFC13 350-380 ~15.8*1.7 82.8
CFBCN 300-380 -17.2+1.0 + 4.5X70-2(T-3DU)

CF2=CH2 290-380 ~12.9%0.6 40.8
CF2=CF2 270-350 ~-14.8+2.0 + 5.2X1D-2(T-300] 41.7

In €F5=CH;, a combination of the recent 19 shielding data in the
dilute gas and in the 1iquid5D with the previous data for interme-

89 shows a nice smooth curve of 15F shielding vs.

diate densities
density from the zero-pressure limit all the way to the 400-amagat
liquid. Such a comparison is made possible by the insignificant
(within experimental error) temperature dependence of the second
virial coefficient of nuclear shielding in this system. The many-
body effects which become important at high densities appear to be
opposite in sign to the two-body effects. A fit to a quadratic
function of (density/amagat) gives (c—cD]/ppm = -0.0154p + 4.401 x
1076 2.

In the F,=CFX molecule there are 3 inequivalent nuclei which
are at different distances from the center of mass of the male-
cule: Firangs Feoigs Fpem (labeled by their positions relative to
the substitutent X). When X=H, Fiprans 18 closest to the center of

mass, followed by Fci and F « When X = Cl, Br, or I, is

cis gem Ftrans
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farthest from the center of mass followed by Fcis and Fgem' The 9y
values are reported for these 12 fluorine sites.aa It is shown

that the 9y for these 3 sites in each molecule can be interpreted
in terms of the nuclear site effect.®8® 1In this model, the distance
of the observed nucleus from the center of mass of the molecule can
be taken into account by a& multiplicative factor (the site factor
s) which can be calculated from the geometry of the molecule and
the characteristic distance parameter rp of the potential.91
According to this model, the 3 nuclear probes in the molecule will
exhibit 9y values which are related to each other in the same
manner as the site factors. This is based on two assumptions, the
dominance of the dispersion contribution and a constant parameter B
for the C-F bond of all 3 sites in the RBB model.®? Indeed it is

found that for X = C1, Br, I, the plots of experimental o, vs s

give excellent straight lines. The correlation is not ne;rly so
good for X=H, where it is not unexpected that the 3 C-F bonds could
have different B parameters since Ftrans and Fgem differ in shield-
ing by 107 ppm!g3 - ——~
The same nuclear site effect model accounts for the observed
density dependence of the isotope shift cD[D2J - aD(HD). The

greater magnitude of o, in D, compared to ¢, in HD is due to the

1 1
larger site factor for the more exposed 0 nuclei in Do (rg/2 from
the center of mass) compared to HO (the O is re/a fram the center

of mass).B8

Thus, the density dependence observed by Beckett and
Carr,9% -(0.059+0.026) x 1074 ppm amagat'1 is reproduced by the mo-

del which gives a value equal to -0.049 x 1074 ppm amagat'1.

E. Absolute Shielding Scales.- The /0 and the 535 absolute

shielding scales have recently been determined.®:%% Based on the
molecular beam value of the spin-rotation constant for 170 in CO
the '70 absolute shielding in CO is -42.3:17.2 ppm. The 179
shielding in several molecules in the gas phase is simultaneously
obtained. The results are shown in Table 7. The 335 absolute
338 in 0OCS) and the 335 absolute

shielding of other molecules based on this are also shown in Table

shielding scale is based on ol

7.95 geveral additions to the 'SF shielding scale in the form
of 'SF data in the zero-pressure limit have been reported.93 There
are also 'H shift data in the gaseous alcohols in the zero-pressure

limit .96 Unfartunately the reference used is internal TMS gas which
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has not yet been related to W in liquid H,0 at 298 K.

Table 7 Absolute shielding scale for 170 based on o(CO) = -42.3%
17.2 ppm9 and 335 based on o (0CS) = B43:12 ppm.95

o("70)/ppm 6(33s)/ppm?
H,0(gas) 344.0 0CS (beam) 843
H,0(liq., 293 K) 307.9 0cs 843
CO,(gas) 243 .4 HoS 752
NNO (gas) 200.5 CH3SH 707
0CS(gas) 107 .9 €S, 581
CO(gas) ~42.3 SFg 426
OF 5 (gas) -473.1 S0,F, 290
(NH,) 550, 4.2m, aq. 249
SOC1,(223 K) 25
s0, -128

3For the neat liquid at 295 K unless otherwise specified, neglect-
ing the 0OCS gas-to-liquid shift which is estimated to be~ -5 ppm.
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