The additivity of NMR isotope shifts
Cynthia J. Jameson and H.-Jérg Osten®

Department of Chemistry, University of Illinois at Chicago, Chicago, Illinois 60680

{Received 14 May 1984; accepted 10 July 1984)

One of the most interesting and useful aspects of the isotope effect on nuclear magnetic shielding is
the proportionality of the shift to the number of substituted atoms in equivalent positions. In this
paper we show the quantitative basis for the additivity of isotope shifts in NMR, using the
CX,_.Y, (X,Y =H,D,T) system and the linear triatomic systems CO,, NNO, and OCS as
examples. We also predict small deviations from additivity and find that these deviations are
consistent with those observed for '*N shifts in the NH, _ , D' homologous series. Furthermore,
we determine the mass dependence of the one-bond isotope shift.

INTRODUCTION

Isotope shifts have been observed since the very early
days of high-resolution NMR. The review by Batiz-Hernan-
dez and Bernheim in 1967" summarized experimental data
and recognized some of the patterns which provide the basis
for many of the applications of intrinsic isotope shifts. Brief-
ly, these are (1) the sign of the isotope shift is nearly always
negative, that is, with heavy isotope substitution, the reso-
nance frequency decreases [shielding increases}. {2) The mag-
nitude of the shift is a function of the resonant nucleus,
greater for nuclei with large chemical shifts. (3) The magni-
tude depends on the remoteness of the isotopic substitution
site from the observed nucleus, and (4) the fractional change
in mass. {5) The magnitude of the isotope shift is proportion-
al to the number of atoms that have been substituted by iso-
topes.

We interpreted these general observations in terms of
the same thearetical framework as the temperature depen-
dent nuclear shielding in a previous paper (paper I).” Briefly,
this interpretation is as follows:

Oo=07, + Z(&o/&dr,-)é {4r;) + . (1)

If the Born—Oppenheimer separation is valid, then all isoto-
pomers have the same shielding surface and also the same
potential energy surface. Thus o, and its derivatives are
characteristic of all isotopomers at the equilibrium nuclear
configuration. The shielding difference between two isotopi-
cally related molecules is then given by

08 — 0o = D(00/0Ar). [{ArY* — (Br)] + =  (2)

where the derivatives of nuclear shielding with respect to
bond extension (Jo/d4r, ). are mass independent, large and
usually negative for Ar; corresponding to extension of the
bond in which the observed nucleus is directly involved. The
sign of (Jo/84r;), for Ar; one or more bonds away is prob-
ably also negative, but has not been investigated. The mean
bond displacement {Ar, ) is usually greater when one of the
atoms involved in it is replaced by a lighter isotope. The
effect of a remote isotopic substitution on the mean bond
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displacement has not been explored. There may be impor-
tant terms involving second derivatives with respect to bond
extension and bond angle deformation. However, the gen-
eral trends can be explained using only the linear terms.> Our
recent calculations on CO,, NNO, and COF, support this
conclusion.®* In paper I, we explained the general trends in
isotope shifts using formulas and numerical results derived
for a diatomic molecule and for CO,. A more complete the-
ory is now in order.

One of the theoretically interesting and practically use-
ful aspects of the isotope effect on NMR chemical shifts is
the proportionality of the shift to the number of substituted
atoms in equivalent positions. The practical consequences of
this is a spectrum with equally spaced peaks, the intensities
giving an indication of the relative amounts of each isoto-
pomer in the sample. For example, the one-bond 2/1H.in-
duced isotope shift in the *C spectrum of the CH, D, _,
isotopomers result in incremental isotope shifts as n goes
from O to 4.° There are similar observations in other systems,
such as in POJ%® NO;,” NO;,* NH, ,D}°
BH,_,D;,® NH,_,D,,'" PH,_ ,D,' SeH, ,D,.B
Nor is this observation limited to one-bond isotope shifts.
For example, the *°Co spectrum of Cofen),Cl, in H,0/D,0
solution shows 13 equally spaced peaks separated by 5.2
ppm, the peaks corresponding to all the members of the iso-
topic homologous series in which the 12 exchangable hydro-
gen atoms per molecule of the cobalt complex are replaced
by deuterium atoms. This additivity of the isotope effect on
the chemical shift upon substitution in equivalent locations
appears to be without exception, and the deviations from
additivity usually appear to be small and have been noticed
outside of experimental error only in isolated cases.

There are some indications of additivity of mass effects
in other molecular spectroscopy. The sum of the squares of
the vibrational frequencies of members of an isotopic homo-
logous series s linearly related to the number of isotopes
substituted, and this relation is valid for symmetry types
which are common to all members of the series. This was
derived rigorously by Decius and Wilson.'* The sum of vi-
brational frequencies in CH, __, D, was found empirically
to depend on the number () of the substitutions by the heavy
isotope, that is, the zero-point energies of these molecules are
linearly related to n.' This was found to be generally true for
members of isotopic homologous series, but with second or-
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der corrections.!” This additivity of mass effects on zero-
point vibrational energies was cited by Batiz-Hernandez
and Bernheim as a parallel case to and as a possible reason
for NMR isotope shift additivity, although the connection is
not at all clear.

There is some indication of additivity of mass effects on
average nuclear positions as well. Kuchitsu and Oyanagi'®
determined the isotopic differences in the average nuclear
positions in the principal inertial axes for linear triatomic
molecules. They calculated r, =r, + (4z),, where Az de-
notes an instantaneous displacement of » projected on the
equilibrium bond direction {taken as a temporary z axis) and
0 denotes an average over the ground vibrational state. Their
results can be summarized as follows: {1) (r* — r,) caused by
multiple isotopic substitutions are additive. For example,
rz{lsollciMS) — rz(l6ol2c328) — [rz(18012c328)

_ rz(lbolzcns)] + [rz(l60130328) _ rz(16012c32s)]

+ [7,(*°0"2C*8) — r,('°0'*C**S)]. The additive incre-
ments are of the order of (1 — 10)X 10~3 A for OCS, HCN.
(2) When a nucleus is substituted by its heavier isotope, the
change in r, may not necessarily be negative. (3) When a
nucleus, say O, is substituted, the change in 7, for abond, say
CS, which is not directly associated with O can be compara-
ble, even larger than that directly associated with O. Results
(1) do not include the isotopic differences in the perpendicu-
lar displacements, therefore they are insufficient for the ex-
planation of the isotope shift in NMR. Nevertheless, the ad-
ditivity in 4z changes due to isotopic substitution indicate
that isotopic effects on the thermal average internuclear dis-
tances (4r) may be additive as well. With respect to our
application, results (2) and (3) of Kuchitsu and Oyanagi are
somewhat disturbing in that they do not seem to be parallel
to observed NMR isotope shifts in their sign and attenuation
with remoteness of substitution.

In this paper, we consider the factors which are in-
volved in the observation that the magnitude of the isotope
shift is proportional to the number of atoms in equivalent
positions which have been substituted. We also examine the
mass dependence of the shift and its attenuation with remo-
teness of substitution from the observed nucleus. The first
two are strictly consequences of dynamic factors; the ob-
served nucleus may be viewed merely as a sensor of the bond
displacements. We examine the origin of the observed additi-
vity, determine if any systematic deviations from additivity
can be expected, and how large they may be. We consider the
dynamic aspects of the attenuation of the isotope shift with
remoteness of substitution. Finally, we explore the explicit
dependence of the isotope shift on fractional mass change.

THE BASIS FOR ADDITIVITY OF ISOTOPE SHIFTS

The methanes

We calculated mean bond displacements in the meth-
ane family CX,_, Y, (X,Y = H,D,T) with the method de-
scribed in the accompanying paper,'® based on the anhar-
monic force field of Gray and Robiette.?°

We find that the substitution effects on the vibrational
contribution to mean bond displacements are strictly addi-
tive. This is shown in Fig. 1 for {4rcy) and (drep) in
12CH, _, D, .The mean bond displacementsin *CH, _,, T,

T 1x10°34

J\(.A reod % i
\ 1g

Mean bond displacements ¢
in CH4—nDn
1 i 1 i i
o] 1 2 3 40D
4 3 2 1 OH

FIG. 1. The vibrational contribution to the mean bond displacements in the
methanes, showing strict additivity. (Arcp) =2.0881x107% —4
+ {4 — n)dp; {(Arcy) = 2.0881X 1072 — n8 . These were calculated at
300 K using the anharmonic force field of Gray and Robiette (Ref. 20), de-
tails are given in Ref. 19.

and '>)CD, _, T, exhibit the same strictly linear dependence
on n.

We can express (4rcy ) and (47cp ) in *CH, _,D,, as
follows: Let

d = (Ary ) in CH, at 300K,

d— A = (Arep) inCD, at 300K,
where d = 2.0881 102 A and A4 = 5.5345 107> A. We
find

(Arep) =d — A + (4 — n)dp, (3a)

(Arey ) =d — nby, (3b)
where 8, = 1.75X10~* A and 6, = 1.55X 10~* A. Simi-
larly for *CH,_,T,:

(Arcy) =d — nby, (4a)
{(Arer)y =d —4' + (4 —n)d7, (4b)
where d —4' = {(4ry) in CT, at 300 K,
A'=17893x10"% A, 5, =2.13X107% and 6%

=2.56X10~* A. That is, for a given bond, substitution of

an isotope involved in this bond has an effect 4 on its own
mean bond length, each substitution of an isotope at some
other bonds has a smaller effect 8. The latter is a secondary
isotope effect on the mean bond displacement. While
8 > 8y forthe methanes, the order may be reversed in other
molecules.

The rotational contribution (centrifugal stretching) to
the mean bond displacement is shown in Fig. 2. In CH, and
CD,, (ArCH )CH. = <ArCD)CD. =d =5.24X 1074 A
For the mixed isotopomers, the C-D bond gets longer and
the C—H bond gets shorter in CH,_, D, but the sum is
invariant to n:
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FIG. 2. The rotational contribution to mean bond displacements in the
methanes.

(4 _n)<ArCH >rot +n(ArCD)rot =“‘drot' (5)
A fairly good description of the centrifugal stretching is giv-
en by

(ArCH )rot = rot(l + cH)_l;
(6)

(ArCD >rot = drot [1 —cp(d— n)] _l’
where ¢;; = 0.205, ¢, = 0.113. The invariance of the centri-
fugal distortion to isotopic substitution which preserves T,
symmetry has been pointed out previously.! Here we find
that the sum is invariant. Equation {6} may depend on having
neglected 2(da;; ) in our calculations.

Following Eq. (2), the isotope shift of the central nu-
cleus, *C in CH, _,D,, is given by (30°/34r), 2, [ (4r,)*
—(4r;)] or (30°/34r), [Z,{4r,)* — 2,(4r,)]. The cen-
trifugal distortion does not contribute to the isotope shift of
the central nucleus because =, {47, ),,, is invariant to isoto-
pic substitution. The vibrational contribution to the isotope
shift depends on

Z<Arl)vib = (4 — n){Arey v + n{Arep ) iv

= 4d —_ nA + (4 — n)n(5D —_ 6}[ ), (7)

which is very nearly linear with n, since § , — 85 4.

The ?/'H-induced >*C NMR isotope shift between any
two isotopomers of CH, _ ,, D, can then be expressed, fol-
lowing Eq. (2), as

[¢°(CH, _,D,) — 6%(CH, . D,)]

= (@0</34r),(n' — n)[4 — (6p — by)d —n —n')] + ...
~(do€/34r),(n' — n)A. (8)
Equation (8) is the basis for the near additivity of isotope
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shifts due to substitution at equivalent sites. If we leave out
the term in {8, — &) which is two orders of magnitude
smaller than 4, then we have strict additivity: The magni-
tude of the shift is proportional to the number (n’ — n) of
atoms which have been substituted by isotopes.

Thus, we have established quantitatively the additivity
of one-bond isotope shifts. Let us now consider additivity of
two-bond isotope shifts. For substitution at a bond not in-
volving the observed nucleus, there will always be two im-
portant contributions to the isotope shift which have to be
considered. The first is the secondary isotope effect on the
bond at the nuclear site sensed by the derivative associated
with this bond (a primary change of the shielding). The sec-
ond is the primary isotope effect on the bond at the substitu-
tion site sensed by the derivative of the shielding with respect
to the extension of that bond, which is remote from the ob-
served nucleus (a secondary change of the shielding).

We can examine the effects of remote isotopic substitu-
tion on shielding, using the 'H shielding in the methane ho-
mologous series as an example. We need to include at least

two derivatives:P = (do" /34 Tcn,), describing the change in
o™ due to the CH, bond extension, and S = (80“‘/8Arcﬂj)e

describing the change in o™ due to a remote bond CH, exten-
sion. Using the mean bond displacements in Eq. (3) (vibra-
tional contribution) and Eq. (6} (rotational contribution) we
can write the isotope shifts in 'H resonance as

UH(CH4—nDn)_0-H(CH4—-n'Dn‘)
. [P&H +S[4 —6p — (65 —6H)(3—n—n’)]]
== L PoSiec [(1 4 new )1+ rieg)] !

o)

In Table I we see that additivity will be observed if the small
terms nearly cancel out, so that

O'H(CH“_"DH) - GH(CH4—n‘ Dn)
(n" —n)[P(6u +6.) + 54 —5p)], (10)

in which 8, ~d, ¢y [ (1 + ey )(1 + 2¢4)] . All published
*/'H-induced 'H isotope shifts in tetrahedral molecules
(CH,,*' NH,",%2 BH, %) show strict additivity within ex-
perimental errors. At the present time it is not possible to
make a general statement as to which of the Por § terms is
more important; they are found to be of the same order of
magnitude in two cases.>!®

The '*C shielding in the Sn(CH,), ,(CD,), system®*
shows the additivity of the secondary isotope effects on the
mean bond displacement. Here the 2/'H-induced shifts for
the '*C in the CH, groups form a straight line with » and
changes by 0.088 ppm per CD, group added, due entirely to
secondary isotope effects on mean bond displacements. The
isotope shift of the CD, group is also linear with #, with the
same slope, that is, this also changes by 0.088 ppm per CD,
group added. The CD, and CH, signals in the same molecule
differ by 0.700 ppm. Following Eq. (3) we can write

(Arey ) =d — ney,

(Arep) =d —4 + (4 — n)ep,
(Arsucn,) = b — nyy,
(Arsucp,) =b— B+ (4 — n)yp,

(11)
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TABLE I. Near cancellation of n dependence of the small terms in Eq. (9), the secondary vibration and the centrifugal stretching contributions to the two-

bond isotope shift in CH, _,D,,.

Typical values, 10~* ppm*

n n' rot vib tot

0 1 —25(6p —6u)+ (P—S)cull +cy)™! 0.54 —3.32 —2.78
1 2 (P—S)ocul(l + e )1+ 2¢4)] " 0 —2.36 —2.36
2 3 28(6p —8u)+(P—S)d. ey [(1 + 2ci )1 + 3cy)] ™! —0.54 —1.78 —2.32
3 4 4S(6p — b)) + (P — S)dgeen (1 + 3ex )1 + 4c,)] " —1.04 —~1.38 —242

® Using values calculated in Ref. 19.

where € and y are the secondary effects on the C-H/D and
Sn-C mean bond lengths due to substitution of three deuter-
iums at a remote carbon, 4 and 3 are the differences in car-
bon-hydrogen and Sn—C bond length, respectively, between
Sn(CH,), and Sn(CD,),. Then, following Eq. (2),

— 0.700 ppm = 3(30%/Frcy ). 4 + (00°/3Ars,c).B + .
(12a)

Also, in the same way that we derived Eq. (10) we can write,
(0°[Sn(CH,), _,(CD), ] — o°[Sn(CHy), _ , (CDs), ]}
= (n' — n)( — 0.088) ppm
= (n' — n){3(00/34rcy).€ + (00°/Ars,c). ¥
+ (00°/34rsnc:) B} (12b)

Equations (10) and (12b) are the bases for the observed near
additivity of two-bond (or more) isotope shifts due to substi-
tution at equivalent sites. The magnitude of the shift is pro-
portional to the number (n' — n) of atoms or groups which
have been substituted by isotopes.

Linear triatomic molecules

To test the more general validity of the findings in the
methanes, we calculated the mean bond displacements for
different isotopomers of a symmetric (CO,) and nonsymme-
tric (OCS,NNO) linear triatomic molecules. The results that
we present here on various isotopic species are based on cal-
culations* using anharmonic force fields in curvilinear co-
ordinates derived by variational calculations.”>’ The de-
tails of the calculations of shielding in the triatomic
molecules are given elsewhere.* We present the results for
single substitution in CO, and OCS in Fig. 3, but the conclu-
sions which follow are based on calculations for all possible
isotopomers using '8/17/16Q, 1S/19N, 13/12C, and 3*/33/3%S, As
shown in Fig. 3, we found exactly the same effect as for the
methanes: substitution of a heavier isotope provides a drastic
shortening of the average length of the bond directly at-
tached to this isotope by a constant 4 and as a secondary
effect it shortens the other bond by a constant §, where §<4.
We also found an empirical general additivity rule which is
valid for all triatomics,

(A YAN'X)),, — (Ar¥YAYX)),,
= [{4r™'YAVX)),, — (4rYA"X)),, ]
+ [{Ar™YAY X)), — (ArMYAYX)),, ], (133)
where

(4r),, =(172)[{dray) + (drax)]. (13b)

Thus, if we include only linear terms, as in Eq. (2), for the
shielding of the central atom in the linear triatomic,
0, =0, + (do/dAr,,).2(4r},,. (14)
The additivity of the isotope shifts for the central atom
which follows from Eqgs. (13) and (14) may be written in
Gombler’s notation,?® for >C in OCS, for example:

IA 13C(18/l60’34/328) — 1A 13C(18/16O) + IA 13C(34/3ZS). (15)

Once again, additivity of isotope shifts are predicted on the
basis of additivity of mass effects on (4r).

The two-bond isotope shifts of the end nuclei in YAX
are analogous to the isotope shifts of 'H in the methanes.
Here again there will be two terms.

ZAXMMY) = Pb,x + SA,y, (16)
where 8 ,x €4 oy as can be seen clearly in Fig. 3. For exam-
ple, the isotope shift of 1’0 in OCS is
24 O(*328) = (90°/3Arco).Bco + (00°/3Arcs). Acs (17)

The additivity in isotope shifts, for example, for the end
N in NNO follows from Eq. (13):

16012c mo 16012cms
_oc32§
16
2 /%170
—=_—oc’o 33,
4.8 i \ggeo n e
- °c!4s
A
o_CSZs
——— 9&353
| ] oc3s
-oc'o
A
4.7 1
— °c10°

Ay /1072

FIG. 3. Mean bond displacements in CO, and OCS calculated at 300 K
using the method described previously (Ref. 4), from the anharmonic force
fields of Lacy (Ref. 25) and Whiffen (Ref. 27), drawn to scale, illustrating the
primary effect 4, the secondary effect 5, and the additivity of the effects.
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l,ZA lSN(ISIMN 18/160)
— IA lSN(IS/MN) + ZA ISN(l8/160)‘ (18)

Unfortunately, there have been no systematic experimental
investigation of these shifts. With the empirical (9o™ /d4r),
and (9o /3Ar), which we have obtained by fitting NNO and
CO, 0,(T) data,* we can estimate some isotope shifts in these
molecules:

for NNO:

14 SN('S/¥N) = — 0.089 ppm

14 5N('#/1%0) = — 0.164 ppm

14 15N(15“4N,18“60) = —0.254 ppm

and for CO,:
14 BC('¥/1%0) = — 0.0276 ppm
14 13C("*/150,) = — 0.0554 ppm.

DEVIATIONS FROM ADDITIVITY

Although the secondary isotope effects on the mean
bond displacements are small, the term in (6§ , — 8 ) in Eq.
(8) provides a theoretical basis for deviations from strict ad-
ditivity of isotope shifts. Since all four bonds contribute to
the shielding of the central atom, we can observe the nature
of the deviations from additivity by using an average (4r),, .
We write the shielding in CH, _,,D,, as:

a5 = o, +(00°/34r),4(4r),, + -, (19a)
where

(4r),, = [(4 — n){drey) +ndrep ) /4. (19b)
The (Ar),, in the series CH, _, D,, are then given by

n=0 d, +d,

n=1 d +d—(1/44 + (3/4)(6p — 6y),

n=2 d, +d—(1/2)4 + (6p — by), (20)

n=3 d,+d—(3/44 + (3/4)(6p — by),

n=4 d,+d—A

[Wenoted in Fig. 2 and in Eq. (5) that the centrifugal stretch-
ing contribution to this average is constant.] The deviations
from additivity are in the ratio 0:3:4:3:0 for n = 0 to 4. Equa-
tion (20) is an algebraic consequence of Eq. (3) which was
based on the results of calculations of mean bond displace-
ments'® using the best available anharmonic force field for
methane.?

It should be noted that Eq. (20) is strictly parallel to the
results obtained by Bigeleisen and Goldstein” for zero-point
energies in the methanes. They treated the four bonds in
CH, _, D, as four coupled oscillators. The deviation from
linear behavior of the zero-point energy vs # comes from the
term in the energy which corresponds to the mutual motion
of two atoms in different oscillators from their equilibrium
position. With this model, they derived deviations from lin-
ear behavior of the zero-point energies as follows:

E, —(1/8)[(4 — n)Ey + nE,] =3(n — n*/4)4,  (21)

where A = (py — pp) fiyy oy /(487w ) in which agy is the
force constant which couples two C~H oscillators and w, a
characteristic frequency. u,; and up, are reciprocal masses.
The deviations for n = 0 to 4 are then in the ratios 0:3:4:3:0,

in units of 4, exactly the same as we have found above for
mean bond displacements due to vibration.

The isotope effects on the *C shifts in CH, _ , D, have
been measured,’ but the associated errors are not small
enough to be able to see these systematic deviations from
additivity. On the other hand, excellent measurements have
been carried out by Wasylishen and Friedrich for the *N
shifts in the ammonium ion, *NH,_,D,", with precision
+ 0.001 ppm.® In Table II, we compare the actual experi-
mental results with the strictly additive parts. From the lat-
ter we obtain (do™ /d4r),4 = — 0.293 ppm. Since 4 is posi-
tive, then (do™ /dAr), is negative (the usual sign). The
experimental deviations from additivity shown in the last
column are in exactly the same ratio as those calculated in
Eq. (20). Thus, we can attribute the observed deviations from
additivity in ammonium ion to small vibrational terms relat-
edto{6p —6y)

The isotope shifts of the '"“Sn nucleus in the
Sn(CH,), _ ,(CD;),, system® show deviations from additi-
vity in the same direction as those in Table II, although the
ratios are not 0:3:4:3:0 exactly. If we consider the CD, and
CH; groups as point masses, then the centrifugal stretching
contribution to (Arg,c )., can be neglected, if our findings in
CH,_,D, can be extended to Sn(CH,),_,(CD;),. The
nonvanishing mean CSnC angle deformations may be im-
portant to centrifugal stretching in the less symmetric
(n = 1-3) isotopomers, exaggerating the deviations from ad-
ditivity due to vibrations.

There may also be deviations from additivity which
arise from the second derivative terms which we have not
included in our treatment.

THE MASS DEPENDENCE OF THE ISOTOPE SHIFT

The primary effect of isotopic substitution on the mean
bond displacement 4 depends on the masses. We find
(Arcu)cn, — {ArcpYep, = 5.533%x 107> A,  whereas
(Arcy)cn, — (Arer)er, = 7.893%X 1073 AL It appears that
4 is proportional to (my, — my)/mp, since

— my)/mp

(5.533/7.893) D .
(my — my)/my
From our results with the methanes and the triatomic mole-
cules,* as well as O—CF,,’ we find in general (for any molec-
ular type and any substitution site) that the change in the
mean bond displacement upon isotopic substitution can be
expressed as follows:

TABLE II. *'H-induced "N isotope shifts in the ammonium ion and their
deviations from additivity from Wasylishen and Friedrich (experimental
precision: 3 0.001 ppm) (Ref. 9).

Strictly Observed Predicted
Expt additive difference from Eq. (20)
NH/} 0 0 0 0
NH,D+ —0307 0293 —0014 —3(5, —8,)d0"/34r),
NH,D;* —0.607 —0.585 —0.020 —4(p —8y)do"/34n,
NHD; —0.892 —0878 —0014 —3(5, —8y)d0” /34r,
ND} - L171 —-1171 0 0
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A= (4r) —(4r) ={Ar)[(m' —m)/m’] fim,m,,..). (22)

The consequences of Eq. (22) for one-bond-isotope shifts in .

NMR are clear if Eq. (2) holds (including only linear terms in
the expansion of nuclear shielding in bond displacements).
Comparing several isotopic species which differ only in one
mass m’, to the parent species with mass m, we should get a
constant value for the ratio

(4r) — (ary’

= 23

Ar)((m' —m)/m’) 4 23
That is, we should find

g = constant. (24)

[’ — m)/m']

An excellent test for Eq. (24) is provided by the /™ Se-
induced "’Se isotope shifts in diselenides. We have plotted in
Fig. 4 form =74, m' = 76, 77, 78, 80, 82, the isotope shifts
in CF,8¢SeCF,, CH,SeSeCH,;, CH,8e¢SeCF; and
CF,SeSeCH, which had been measured by Gombler.? The
strictly linear behavior of the isotope shifts ‘4 7’Se(™/"* Se) vs
(m' — m)/m’ (for m = 74) for all four cases shows that Eq.
(24} holds for this system. This seems to indicate that either
the interpretation of isotope shifts entirely by Eq. (2) (i.e.,
neglecting second derivatives) is sufficient, or else all the dy-
namic variables ((4r;), ((4r;)), ((4a)’), (4rda), etc.) on
which the shielding depends are scaled by (m' — m)/m' upon
isotopic substitution. The slopes of the lines in Fig. 4 give

— T~ {(00/08rss.). (AP f). (25)

[(m' —m)/m']
These values are — 2.09, — 1.83, — 1.56, — 1.30 ppm for
CH,SeSeCF,, CH,;SeSeCH;, CF,SeSeCF,, and
CF,SeSeCH,, respectively.

Now we need to examine the functional form of

1 1 | 1L I I T

1 d
H m'/74Ge—induced o
Z ] .
el 7’Se isotope shifts 4
a
in R, 7’Se™SeR, °/b
-5 [ G’ .
-4}

Q
-1t a 5
oL L [ | L+« ¢ 1
00 005 010
m-m
™

FIG. 4. Effect of selenium isotopes on the ’Se nuclear shielding in the dise-
lenides R,”Se™ SeR,. (a) R, = R, = CH, (bR, = R, = CF; ()R, = CF,,
R, =CH, (d) R, =CH,, R, =CF, from the experimental results by
Gombler (Ref. 29). This plot of 'A7’Se(™7*Se)= o(R,"’Se™SeR,)
— o(R,”’Se™ SeR,) vs (m’ — 74)/m’ illustrates the validity of Eq. (24).
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Sflm,m,,...). We have not been able to find a universal func-
tional form for fin case of substitution at other than an end
atom. By comparing the mean bond lengths of various isoto-
pomers of several molecular types, we have found a func-
tional form that can reproduce the primary effect of isotopic
substitution on the mean bond displacements for substitu-
tion at an end atom. Examples of these isotopomers are AX,
and AX’,or AX,and AXj,or YAX and YAX', even XAY,
and X'AY,. For these molecular types,

F1/2)[my/im, + m)]. (26)
Equation (22) then becomes
A~(A4r) — (4r)’

={4r)[(m' —m)/m’'}1(1/2)[m,/im, + m)]. (27)

In diatomic molecules this reduces to the same form as we
had previously derived®:

(4r) — (Ar)" = Ar)(p' — p)/p'(172). (28)
We tested Eq. (27) in several molecules, as shown in Table
III. Although the agreement is not perfect, we find that for
substitution at an end atom the change in the mean bond
length is largely reproduced by Eq. (27). For the purposes of
estimating such effects, this formula is probably good
enough. It is good to the extent that in so far as isotopic
substitution at an atom is concerned, a bond responds like a
diatomic molecule. Equation (27) should provide estimates
for one-bond isotope shifts if we have an estimate for the
derivative (do/dAr),. Following Eq. (8), the one-bond iso-
tope shift of nucleus 4 for a single replacement of m by m’,
where m is an end atom, is given by

g — U’Z(aaA/aArAm )e (ArAm >

X [(m' —m)/m’}(1/2)[m,/im, + m)]. (29)

Since all of the above correlations with experiment have
been obtained by using only terms in the first derivatives of
shielding, it may be concluded that the terms in the second
derivative do not play a dominant role in the interpretation
of isotope shifts in NMR.

CONCLUSIONS

In summary, we have derived the basis for the widely
observed additivity in the isotope shift for replacement of
equivalent atoms, both for isotopic substitution at a bond
involving the observed nucleus and for substitution at a re-
mote site. Thus, we have shown why one-bond and two-or-
more-bond isotope shifts are found to be proportional to the
number of substituted atoms in equivalent positions [Egs.
(8), (10), and (12)]. The predicted slight deviation from additi-
vity has been confirmed by a classic example {Table IT}. The
attenuation of isotope shift with remoteness of substitution
has been shown to be due to the secondary nature of the
effect when the bond involved is not at the nuclear site. The
terms that contribute to two-or-more-bond isotope shifts in-
volve either a secondary effect on the bond length or a secon-
dary effect on the shielding.

We have also shown that the direct effect of substitution
on abond is to change its mean length by an amount 4, and 4
has been shown to be directly proportional to the fractional
mass change (m’ — m)/m’, [Eq. (22)] and confirmed by ex-
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TABLE III. Mass dependence of f, compared with an assumed form, (1/2)[m,/(m, + m)] for a variety of

molecular types.
— ’ ’ m
r 4 molecule F=[$4n —an) Tz 1 M
{(4r) m —m 2 my+m
CH CD CH,_,D, 0.48 0.46
CH CT CH,_,T, 0.51 0.46
CD CcT cp,_,T, 0.42 0.43
“NN 5NN 15/ ‘:N"NO 0.24 0.25
N'¢0 N'*O NUN!#/160 0.24 0.23
c*o c*o o'2Cs/150 0.22 0.21
Cc*s c*s o2 C3e/32g 0.14 0.14
c'so c'*o 18/16Q12CF, 0.27 0.23
SeH SeD 2/1H,Se 0.50 0.49
SH SD 21,8 0.48 0.48
OH oD 21H,0 0.49 0.47

periment (Fig. 4). For substitution at an end atom, we have
shown that an approximate form for 4 [Eq. (27)] holds quite
well, and from this we propose an expression for a one-bond
isotope shift [Eq. (29)].
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