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Chemical shielding

It has been known for over 70 years that nuclear spins couple to molecular rotation via a Zeeman inter-
action. This spin-rotation coupling can be observed as a discrete splitting in molecular beam magnetic
resonance experiments, but is quenched by molecular collisions at higher pressures. We show that
because of differential thermal population of M; levels at high magnetic fields, the spin rotation coupling
retains a small isotropic component at high field. For all but the smallest molecules at very low temper-
ature, the residual coupling is temperature independent and linear in the magnetic field; it therefore
closely mimics the chemical shift. The ‘super spin rotation’ shift may in the future be a necessary correc-
tion to ultra - high precision computations of the NMR chemical shielding of small molecules in gases

© 2011 Published by Elsevier Inc.

The conventional nuclear magnetic resonance (NMR) spin-%2
Hamiltonian for diamagnetic molecules in isotropic (liquid and
gaseous) phases contains only three terms

H="Hz+Hy+H (1)

where Z, o and J stand for the nuclear Zeeman, chemical shielding,
and J (indirect spin-spin coupling) interactions respectively. There
is in addition a direct dipole-dipole interaction, often the most sig-
nificant source of spin relaxation, but it has no isotropic component.
In addition, in gases at very low pressure, a spin-rotation coupling
is observed. In molecular-beam magnetic resonance experiments
[1] this coupling leads to discrete splittings of the NMR spectrum
[2]. However, in liquids, and even in gases at pressures sufficient
to allow direct inductive measurement of NMR spectra, the spin-
rotation coupling is averaged the collisional quenching of angular
momentum, and it has been observed only by its effect on the
relaxation of gases [3] and of low molecular weight molecules in
non-viscous liquid phases [4]. In this paper, we demonstrate that
in gases, and probably in liquids, spin-rotation also leads to a small
frequency shift which mimics the chemical shielding and which
may have to be considered in computations that aim to match
experimental NMR chemical shifts to a high degree of accuracy.

We consider the case of a single NMR-active nucleus in a linear
molecule in the gas phase in a magnetic field B,, and ignore for the
moment vibrational effects, centrifugal distortion terms and
second-order effects due to the magnetic susceptibility. The
Hamiltonian in frequency units is given by
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H=BJ(+1) - guyM;B; — y(1 — 0)M;Bz — cM;M; (2)

Here the first term is the conventional rigid-rotor kinetic energy
with the rotational constant B. = h/(87?l,), I. being the moment of
inertia at the classical equilibrium bond-length, and ] being the
rotational angular momentum quantum number. The second term
is the molecular Zeeman interaction, g being the molecular g factor
[5], un the nuclear magneton, M; and M; the z-axis molecular rota-
tion and nuclear spin angular momentum quantum numbers
respectively, and z the direction of the external magnetic field B,.
In the third term 7y is the nuclear gyromagnetic ratio in Hz/T, and
o the isotropic chemical shielding. The final term describes the
spin-rotation coupling, with c the spin-rotation coupling constant
in Hz; the sign convention used in Ref. [6] is adopted. We have
included only the secular part, which is valid as long as the differ-
ence between molecular and nuclear Zeeman frequencies is large
compared with c. This Hamiltonian neglects susceptibility terms
that are second order in the rotational quantum numbers, as well
as averaging over the vibrational wavefunctions.

For any given value of J, the values of M; vary between —J and J.
The values of both J and M; are scrambled by molecular collisions,
and it has been conventional to assume the result is averaging to
zero of terms linear in M;, on the time scale of the rotational state
lifetime, which is a fraction of a nanosecond for typical gases at
ambient pressures and temperatures. This is assumption is not
strictly correct. If values of the molecular g term enter the MHz
regime, as they may do for high values of quantum number J,
within any manifold of quantum number J the thermal average
value of M; will be non-zero, because of Boltzmann population
differences between the states of different M;. The effect is small
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enough that we can use the high temperature approximation trun-
cated at the first term:

exp(—AE/KT) =1 — AE/KT + - (3)

AE is the energy difference of the state of quantum number M;
relative to the corresponding M; = 0 state.

AE = —hguyM;B, (4)

Within a manifold of 2] + 1 states with the same quantum num-
ber J, and under the assumption the spin-rotation coupling is
much smaller than the molecular g factor, the probability of being
in the state M; will be:

1+ hguyM;B,/kT
2[+1
Since the spin-rotation frequency of state M; is —cM;M,, the

ensemble average of the spin-rotation frequency within the man-
ifold will be given by

pM, :pj< (5)

M L M;(1 + gty M;B, /kT)
@ o M;ij] I IM;] VES) (6)

Since
/ I a
> M1 +aMy) =a y My =z](1+))(1+2)) (7)
My=—J My=-J
we can reduce (6) to

hcM; B,
(C]) :.](l +])3;‘;I¥IIB SHy (8)

We now perform a similar ensemble average over all manifolds J, to
give the completely thermally averaged spin rotation coupling <c>

© =3 pyic) (9)
=0

p; is the probability of a state being in manifold J, and is of course
just given by the standard expression for the relative probability
of rotational states.

(2] + 1)exp[—J(1 +J)hBo/kT]

Inserting (10) and (8) in Eq. (9), making the usual high-temper-
ature assumption that the sums over J can be replaced with inte-
grals, we arrive at a remarkably simple expression:

cB M
o= cigp

This expression, which holds for most molecules of small to
moderate size in the typical range of magnetic fields used for mod-
ern NMR, predicts a non-zero thermally-averaged spin-rotation
shift that is linearly dependent on magnetic field, spin-rotation
constant and molecular g factor, and inversely proportional to
the rotational constant. In the limit hBo/kT < 1, there is no temper-
ature dependence. The shift therefore looks very similar to the
chemical shielding, and in practice may be impossible to separate
from it. We therefore take the frequency difference between the
M; =% and M, = - states and divide by the field to obtain what
we call the super spin rotation shielding or ossg; we also make it
negative to concur with the sign convention for the chemical
shielding.

(11)

_ (Omy=-1/2 = O m=1/2 _ Cgly
OssgR = — B, =3B,

The shielding is named by analogy with the superhyperfine
interaction, which arises from thermal averaging of hyperfine cou-
plings. In another sense, it is analogous to the chemical shielding;
just as rotation of the electrons about the magnetic field gives rise
to the diamagnetic part of the chemical shielding, so rotation of the
entire molecule gives rise to the super spin rotation.

In Table 1, we compute using Eq. (9), ossg values, in parts per
billion (ppb), of a set of diatomic linear molecules for which the
molecular g factor has been measured experimentally. The compu-
tations are for the molecule at the classical equilibrium bond-dis-
tance, without considering rotational and vibrational effects. In a
few cases, where spin-rotation constants were unavailable, they
were computed using the program Gaussian-09 [7] using second
order Mgller-Plesset perturbation theory using the aug-cc-pV5Z
basis set, at a bond-length optimized at the same level. Note that
this program uses an earlier sign convention for c, opposite to that
adopted here. Because Gaussian does not appear to use rotational
London orbitals, which appreciably improve convergence of spin-

(12)

P = = _ Y T (10) rotation calculations [8], computations were also carried out at
2 j0(2) + 1) exp[—j(1 + j)hBo/KT] the double, triple and quadruple zeta levels, to check for basis set
Table 1
super spin rotation contributions to chemical shieldings of diatomics, in parts per billion, computed using Eq. (11) from experimental values, except as noted.
Mol. Nucl. B. (GHz) Ref. g Ref. ¢ (Hz) Ref. assr (Ppb)
H, H 1822.7 [15] 0.88291 (5] 113904 (5] 3.0
Li'H H 225.24 [15] ~0.65842 [16] 9345 [16] -1.6
Li —10054 [16] 45
19p1H H 627.74 [15] 0.74104 [17] 71500 [18] 5.0
19F —283600 (5] 212
35CI'H H 317.51 [15] 0.45935 (5] 41000 [19] 3.5
35¢1 —47794 a —-42.1
81gr1H H 254.01 [15] 0.37122 [20] 41970° [20] 3.7
—-313370°
81y —313370° [20] ~100.9
35¢] 19F 350 15.485 [15] ~0.1089 [21] ~21596° [22] 92.4
19 22670 [22] -10.1
81py 19F 81y 10.558 [23] ~0.1004 [21] —95818" (23] 200.7
19F 24,170 [23] -146
13¢16g 3¢ 55.354¢ [15] —0.2689 (6] ~32,590 (6] 37.6
15N, 5N 55.690 [24] —0.2593" [25] 22000° [26] 60.3
130325 13¢ 23.222¢ [15] ~0.2551¢ [27] —23,650 2 61.6
13¢775e 3¢ 16.166¢ [27] —0.2281°¢ [27] ~17,084 a 57.2
77Se 62,138 a 273.1
¢ Computed as described in the text.
b Sign of published work reversed to conform with sign convention adopted in this paper, and verified by computation.
¢ Obtained from the value of the normal isotopomer using the ratio of reduced masses.
d

Computed from r. and the atomic masses.
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convergence. The results of these computations are given in Sup-
plementary data. The maximum deviation from a complete basis
set extrapolation was 3.3%, and in most cases it was much smaller.
In almost all cases where experimental spin rotation constants
were available, computed constant were in close agreement with
them; corrections for rovibrational averaging, basis set incom-
pleteness, and the approximate treatment of electron correlation
were determined to be insignificant. The nuclear magneton uy
was assumed [9] to be 7.62259384 MHz/T; values for the nuclear
gyromagnetic ratios are taken from the CRC handbook [10].

While in no case are the effects large - as can be seen from the
compilation in Table 1, ossg can be a few tenths of a part per
million (ppm) for third row diatomics - they are not negligible.
In particular, '3C'®0 and !“N,/'°N, are the respective primary
benchmarks for computations of 13C and '“N/'>N chemical shield-
ing. In state-of-the-art calculation of shieldings for both, incorpo-
rating coupled cluster computations of electron correlation,
extensive basis sets, and correction for rovibrational effects [11],
it will become increasingly important to include this correction.
Second and particular third row corrections are even larger,
although it is not clear that shielding of third row diatomics can
be computed to a comparable degree of accuracy.

40

GSSR! ppb
3

| I B R |
0 100 200
T.K

T 1
300 400

Fig. 1. The super spin rotation shift, in parts per billion, of molecular ortho-
dihydrogen (H,), as a function of temperature.

Eq. (11) obviously breaks down outside the high-temperature
approximation. At ambient temperatures this is a concern only
for molecular hydrogen, and to a lesser extent diatomic hydrides.
Molecular hydrogen (and, in principle, molecular fluorine and acet-
ylene) also requires consideration of the quantum-mechanical
coupling between nuclear spin and rotational states. Only the ortho
form of hydrogen - where the hydrogen molecules occupy odd-/
states - gives an allowed NMR signal; collisional exchange
between the odd-J and even-] manifolds is also very slow, and
so the even-] states must be excluded from the ensemble. The
SSR shift of molecular hydrogen, calculated as an explicit average
over only odd-] states, is shown in Fig. 1. The SSR shift is obviously
temperature dependent, although it is still field-independent. As
the temperature goes to zero, the J =1 level is the only ortho level
populated, pi-1 — 1 and Eq. (8) reduces to

2hcB M
(City1-0) = (13)
giving
2hc,
OSSRH, T = % (14)

As can be seen from Fig. 1, gssg is predicted to exceed 25 ppb
near the normal boiling point of H,. This could, in principle, be de-
tected by NMR. At room temperature the shift is 3.0 ppb, quite
close to its high temperature limit of 3.3 ppb. The NMR chemical
shift of hydrogen gas has recently been measured at room temper-
ature [12] to a claimed accuracy of 10 ppb, and so assg is a signif-
icant contribution. Similarly, room temperature SSR shifts of 'H!°F
are computed to be about 3% below, 'H3°Cl about 2% below, and
TH7Li 1% below, their high-T values given in Table 1.

It should be noted, however, that ortho-hydrogen is only meta-
stable, and given enough time will cool to the J = 0 state. gssg will
therefore go to zero as T — 0.

The temperature independence of the high-temperature limit-
ing value of agssg is a result of an interesting exact cancellation of
two effects. As is seen from the computations for dihydrogen, an
increase in temperature at constant non-zero J value leads to a re-
ciprocal decrease in gssg. However, increasing the temperature also
increases the population of higher J levels. As ] increases, so does

Table 2
super spin rotation contributions to chemical shieldings of linear triatomics, in parts per billion, computed using Eq. (11) from experimental values, except as noted.
Mol. Nucl. B. (GHz) Ref. g Ref. c (Hz) Ref. assr (ppb)
TH'B33s H 18.932° [28] —0.0411°¢ [29] 1777 a -0.2
g —4600 [30] 19
33g —3700 [30] 6.3
TH'2C1N H 43.028 [31] —0.0904 (32] 4453 2 -0.6
15N ~13,740 [31] 17.0
TH'2¢31p H 19.969 [33] ~0.0430 [32] 1869 a 24
31p —43640¢ [34] 13.8
19p12C15N 19 10.539 [35] —0.0504 [36] —7974 a 2.4
15N 1817 @ -5.1
35CI2CPN 351 6.4843° [37] —0.0384 [21] —-1695 [38] 6.1
5N 1744¢ [37] -6.1
81g12C15N 81y 40789 [39] ~0.03165 [40] —7344" a 12,5
5N 1184 4 -5.4
15N15N160 5N, 12.214° [41] —0.07606 [5] 2139 a -7.6
5N, 3229 @ -11.5
16013325 3¢ 6.0064 a ~0.02871 [42] —3100¢ [42] 35
16013C77se e 4.0181 [43] —0.01952 [5] —2070¢ [43] 2.4
77Se —4610¢ [43] 7.0

2 Computed as described in the text.

> Computed from the equilibrium bond lengths and atomic masses.

d

¢ Computed from the *N constant by multiplying by the ratio y;sn/7*N.

T Consistent with the imprecise experimental value [44] of + 8000 + 6000 Hz.

Obtained from the value of the normal isotopomer using the ratio of rotational constants.
Sign of published work reversed to conform with sign convention adopted in this paper, and verified by computation.
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Table 3
Super spin rotation contributions to chemical shieldings of linear tetratomics, in parts per billion, computed using Eq. (11) from experimental values, except as noted.
Mol. Nucl. B (GHz) Ref. g Ref. c (Hz) Ref. assr (ppb)
Hi2c2Cly y 35452 [45] ~0.04903 [46] ~3580 [46] 0.3
19p12¢12C1y 19 9.7062° [12] —0.0077 [47] —3483 a 0.2
H 1066 a 0.0
35¢112C12C'H 35¢] 6.2643° [48] ~0.0063 [49] ~1290 a 0.8
H 615 a 0.0
81gr12C12C1H 81y 3.9784° [50] —0.00388 [32] —6557 a 14
H 430 a 0.0
120c14N12C14N 14N, 5.1740 [51] ~0.05919 [52] -889 a 8.8
14N, -705 a 7.0

2 Computed as described in the text.
b B, used instead of Be.

the range of M; values expand, resulting in a larger average ossg
within the level.

Second order corrections using a magnetic susceptibility term
were evaluated for several of the diatomics, and were found to
be insignificant. At this point, it is also pertinent to note that while,
for consistency, we have used B, the equilibrium bond distance at
the classical potential minimum, for most of the calculations in
Tables 1-3, the experimental molecular g factors and spin-rotation
constants were necessarily measured for excited rotational states,
and are often a thermal average over such states. Fully rigorous
work would require the conventional spectroscopic extrapolation
of these data to the fictitious equilibrium state, and additional
computation of corrections as a function of J and v. The sparseness
of experimental data makes this procedure impossible in nearly all
cases; moreover, the small size of the super spin rotation shifts
hardly justifies it. If more rigor were deemed useful, high-level
quantum calculations of g and c as a function of molecular geom-
etry would be the best approach to follow.

Even higher accuracies are possible in experimental measure-
ments of relative chemical shieldings in low pressure gases. In par-
ticular, because CO and N, are important reference compounds
used to benchmark carbon and nitrogen chemical shieldings
respectively, gssg corrections may in the future need to be included
in high-level calculations of chemical shieldings.

However, it is clear that gssg values drop dramatically as the
rotational constant decreases. Both the molecular g factor and spin
rotation couplings decrease in concert with the rotational constant,
and so ossg decreases as the molecule becomes larger, notwith-
standing its reciprocal relationship to Be. Our use of linear mole-
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Fig. 2. The super spin rotation shift, in parts per billion, of a series of halogen
compounds, with X = (*H, '°F, 3°Cl, 8'Br).

cules (which are easier to calculate) probably exaggerates the
molecular weight dependence of ossg; holding the density equal,
the rotational constant for linear molecules scales as M3, whereas
that of spherical molecules it scales as M~—>?>. Nonetheless, it is
likely that these effects will be negligible for molecules of more
than a few atoms.

In Fig. 2, we illustrate these trends by comparing ossg values for
several series of halogen compounds, from HX (X =H, F, Cl, Br) to
HCCX. These calculations use the data given in Tables 1-3, except
for difluorine (F5), where there is little experimental data available.
In that case, equilibrium molecular g factors and spin rotation con-
stants were computed for F, at the equilibrium MP2/aug-cc-pVTZ
bond distance of 139.772 pm, using the program CFOUR [13].
The rotational constant used in the figure was derived from an r.
value of 141.268 pm [14]; the difference is insignificant in its effect
on the final result.

Finally, it should not be assumed that the gssg correction is con-
fined to the gas phase. Spin-rotation effects on relaxation certainly
are observable for small molecules in mobile liquids, and the dras-
tic decrease in tsg, upon condensation to a liquid state, will have no
effect on the thermal average of c. In the classical limit, of course,
the SSR effect corresponds to a slight difference in energy between
molecules undergoing right- and left-hand rotation about the mag-
netic field, as a result of charge distribution in the molecules. These
effects do not disappear in the classical limit, albeit they decrease
rapidly with molecular size.

In this paper we have restricted ourselves to linear molecules
for which molecular g factors can be experimentally measured. In
fact, these factors are now computable, and so reasonable numbers
for symmetric molecules such as (3!Br), should be quite accessible,
even though conventional rotational spectroscopy is not possible.
We have also not attempted to compute super spin rotation shiel-
dings for less symmetric molecules. Certainly, the expressions for
spherical and symmetric tops should be quite tractable, but given
the rapid attenuation of these shieldings with molecular size, even
non-linear triatomics would appear to be primarily of academic
interest.
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