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NMR signals of 7Li, 23Na, 35C], 39K, 79Br, 87Rb and 1271 have been measured in various alkali
and halogen salt powders relative to well defined aqueous solutions. With the known shielding
constants of some of these solutions the nuclear magnetic shielding constants of the alkali and
chlorine nuclei in crystalline powders were evaluated in the atomic reference scale. The theoretical
values of the shielding constants in alkali halides do not agree even in the order of magnitude

with the experimental ones in some cases.

For 23Na first-order and second-order quadrupole patterns have been observed and the quadru-

pole coupling constants are given.

Introduction

In NMR-spectroscopy chemical shifts of nuclei
in condensed matter are usually referred to rather
arbitrary reference compounds from the viewpoint
of nuclear magnetic shielding. The understanding
of nuclear shielding and the comparison with theory
is therefore complicated by the usually unknown
absolute size of the nuclear magnetic shielding of
the reference compound. Also the meaning of the
observed difference between the magnetic shieldings
in different compounds — the chemical shift —
cannot be valued in the light of the unknown range
of nuclear magnetic shielding. Further it is well
known that the range of observed chemical shifts
is no basis for an estimation of the absolute shield-
ing. For a few elements, however, the situation is
more favourable; e.g. the nuclear magnetic shield-
ing of the alkali nuclei in hydrated alkali ions is
well established by experiment: 6Li (Ref. [1]),
“Li (Ref. [1]), 23Na (Ref. [1]), 39K (Ref. [2]),
40K (Ref. [2]), 1K (Ref. [1, 2]), 85Rb (Ref. [3]),
87Rb (Ref. [4—7]), 133Cs (Ref. [7, 8]). Also the
shielding of 35Cl is known, though with lower
accuracy [9].

Using these data it is possible to give the nuclear
magnetic shielding of alkali and chlorine nuclei in
all the compounds and environments the chemical
shift of which has been measured versus a definite
reference. For these nuclei it seems possible to get
a deeper insight into the origin of nuclear magnetic
shielding because now a more reliable comparison

Reprint requests to Prof. O. Lutz, Physikalisches Institut
der Universitit Tiibingen, Morgenstelle, D-7400 Tiibingen,
Germany.

can be performed with theory. For crystalline
halides Hafemeister and Flygare [10] and Iken-
berry and Das [11] have calculated the nuclear
magnetic shielding of some nuclei referred to the
free ion. But often the experimental data of
chemical shifts in alkali halide powders for the
various nuclei are unfortunately not comparable
because of unpractical referencing.

For 133Cs, the nuclear magnetic shielding and
quadrupole coupling in cesium salt powders have
recently been reported [12].

In the following we describe investigations of the
other alkali and halogen NMR signals in alkali and
halogen salt powders which have been undertaken
for an accurate evaluation of the nuclear magnetic
shielding of these nuclei which can be compared
with theoretical values [10, 11]. Further quadru-
pole coupling constants of 23Na could be derived
from some powder spectra.

Nuclear Magnetie Shielding

NMR experiments on diamagnetic ions or atoms,
free and in condensed matter, yield different
proportional constants — different gyromagnetic
ratios — from the measurements of the appropriate
By, w and w’ according to the relations

W = Yatom * By or w = Ycond. * By .

This fact is due to the interaction of the electronic
environment in condensed matter with the nucleus
under observation and leads to the well known
phenomenon of chemical shift.

A magnetic shielding constant ¢* is derivable by

0* = (Ycond. — ‘}’atom)/}’atom .

@NOIS)

Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der
Creative Commons Lizenzbedingung ,Keine Bearbeitung*“) beabsichtigt,
um eine Nachnutzung auch im Rahmen zukiinftiger wissenschaftlicher

Nutzungsformen zu erméglichen.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift fir Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Férderung der

ND Wissenschaften e.V. digitalisiert und unter folgender Lizenz verdffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland

This work has been digitalized and published in 2013 by Verlag Zeitschrift
fiir Naturforschung in cooperation with the Max Planck Society for the
Advancement of Science under a Creative Commons Attribution-NoDerivs
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal
of the Creative Commons License condition “no derivative works”). This is
to allow reuse in the area of future scientific usage.



W. Gaul} et al. - NMR Spectra of Alkali and Halogen Nuclei in Alkali and Halogen Salts

If o* is known for a definite sample, the chemical
shift in all other measured environments can be
referred to this atomic shielding scale. The atomic
shielding scale is more meaningful for theoretical
comparison than any other scale used in NMR
spectroscopy basing on an arbitrary chemical
compound. Between the experimental shielding
constant o* of a compound, the diamagnetic shield-
ing of the free atom o4 and the absolute shielding ¢
of the compound (referred to the bare nucleus) the
following relation holds:

0= 04+ o*.

oq and o are defined by the relations:

w = y1(1 — 04) By for free atoms and ions

' =y1(l — o) By for condensed matter,

where y1 is the gyromagnetic ratio of the bare
nucleus; for free atoms and ions o4 can be cal-
culated with reasonable accuracy (Ref. [13]).

Ikenberry and Das [11, 14, 15] and Hafemeister
and Flygare [10] have calculated o* of some alkali
and halogen nuclei in alkali halides and in infinitely
dilute aqueous solutions of alkali halides. These
authors used the Kondo-Yamashita-formalism [16]
starting from wave functions of the free ion and
found that o* is proportional to a sum of squares of
overlap integrals between the orbitals of the
neighbouring ions devided by the mean excitation
energy.

The theoretical values of o* for the various alkali
and halogen nuclei given by Ikenberry and Das
[11, 14, 15] and Hafemeister and Flygare [10] could
not be compared with experimental values of ¢*
since the chemical shifts of the nuclei in condensed
matter have not been available in the atomic
reference scale at that time [2—9]. The chemical
shifts of alkali and chlorine nuclei in alkali halides
measured by several authors are referred to
ambiguous aqueous solutions or solutions which
contain paramagnetic ions [17—23]. The unknown
shielding of the alkali and halogen nuclei by the
water molecules, by the counter-ions and especially
by the paramagnetic ions was usually under-
estimated.

The shielding constants ¢* of the nuclei in the
ions at infinite dilution in Hs0O used in this work
are given in the heading of Tables 2 and 4. These
values of ¢* are not at all negligible compared with
the shielding constants in crystalline powders.
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Careful measurements of the chemical shifts ¢ of
alkali and halogen nuclei in alkali and halogen salts
relative to such solutions yield the shielding
constants of the salts ¢ which can be com-
pared with theoretical values.

Experimental

The NMR measurements on 7Li, 23Na, 35Cl, 39K,
7Br, 87Rb and 1271 were performed with a multi-
nuclei Bruker pulse spectrometer SXP 4-100 at
(298 4 3) K in a magnetic field of 2.114 T, produced
by a Bruker high-resolution magnet, which was
externally NMR-stabilized. The free induction
decays were accumulated and Fourier transformed
by the Bruker B-NC 12 data unit. For large spectral
widths the Bruker transi-store BC-104 was used.

Some essential NMR data of all observed nuclei
are given in Table 1. By the sample exchange

Table 1. NMR parameters of the observed nuclei.

Nucleus Natural Spin Quadru-  Larmor- Recep-
abun- pole fre- tivity
dance moment? quency (pro-
in 9, in at ton = 1)

1024 cm2 2114 T

in MHz
“Li 92.6 3/2  —0.04 35.0 2.7-10-1
23Na  100.0 3/2 +0.10 23.8 9.3 - 1072
35C] 75.4 32  —0.10 8.8 3.6-1073
39K 93.1 3/2 4 0.049 4.2 4.7-10-4
9Br 50.5 3/2 4 0.37 22.6 4.0-10-2
87Rb 279 32 4013 29.5 4.9-102
127] 100.0 52  —0.79 18.0 9.4-10-2

a Averaged values taken from Fuller [28].

method the signals of the solid samples were
measured relative to aqueous reference solutions the
concentration of which was well known. With the
concentration dependence of the chemical shift of
the nuclei 7Li (Ref. [24]), 23Na (Ref. [25]), 35Cl
(Ref. [26]), 39K (Ref. [2]), 7“Br (Ref. [26]), 87Rb
(Ref. [25]), and 127 (Ref. [27]) the chemical shifts
of the solid samples can be extrapolated to the
respective aqueous solution with vanishing con-
centration. For these solutions the shielding
constants in the atomic reference scale o* is known
for the alkali nuclei [1—8] and for chlorine [9].
The measurements were performed on cylindrical
or spherical samples with 10 mm outer diameter.
Susceptibility corrections were not performed.
Errors due to different susceptibilities are estimated
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to be smaller than 3 ppm, which is much smaller
than the accuracy because the signals were broad.
The Larmor frequency was assumed to be accurate
for samples which yielded only symmetrical signals
to about 59, of the linewidths even if the statistical
error for different measurements was smaller. For
signals with quadrupole splitting additional errors
must be assumed.

Results and Discussion

The NMR signals of the alkali nuclei 7Li, 23Na,
39K and 87Rb have been measured in various
crystalline samples versus definite solutions of
LiCl, NaCl, KNOjy, or RbCl in H2O and the
chemical shifts relative to these solutions have
been extrapolated to infinitely diluted aqueous
solutions using the measurements of Ref. [2, 3, 7,
24—27]. With the shielding constants of the dilute
solutions [1—8] the shielding constants of the solid

Table 2. Results of the NMR measurements for the alkali
nuclei in crystalline salts. The given shielding constants
have been referred to the free ions by using the chemical
shift of the respective salt relative to infinitely diluted
aqueous solutions [2, 3, 7, 24—27] and the shielding

constants of these diluted solutions: o*(7Li) = — (11.0

-+ 0.7) - 10-6 (Ref. [1]), 0*(23Na) = — (60.5 + 1.0) - 10-6

(Ref. [1]), o*(39K) = — (105.2 + 0.8) - 10-6 (Ref. [2]),

and ¢*(37Rb) = — (211.6 + 1.2) - 10-6 (Ref. [6]).

Nucleus Salt Olryst. Typical Type of
in ppm linewidth spectrum®

in kHz

Li LiBr — 33+ 9 5.7 s

Li Lis0 1r13 9.0 s

“Li LioSa — 11 +13 10.0 S

Li LioMoOy — 74+ 8 5.8 s

23Na NaF — 70+15 7.0 s

23Na, NaCl — 69+ 6 2.7 s

23Na, NaBr — 69+ 7 3.1 S

23Na Nal — 55+ 6 2.6 S

23Na, NaNOg — 45+ 4 2.0 f.o.

23Na, NaReO4 — 414 7 2.0 f.o./s.0

23Na NaBiO3 — 24415 7.0 S

23Na NasB4O; — 48 13 6.0 S

23Na NagMoOy — 57+ 9 S. 0.

23Na, NasW0,; — 64 4+ 13 s. 0.

23Na NaoSe03  — 40 - 17 S. 0.

23Na, NasSOy4 — 55 +10 s. 0.

39K KoSnClg — 90 4+ 2 0.05 s

87Rb RbCl —338 + 3 1.3 S

87Rb RbBr —362 + 3 1.6 S

87Rb RbI —390+ 5 1.6 s

a Samples have been enriched in 7Li to 99.999, (Ref. [36]).
This enrichment yields a linebroadening of about 2 kHz
compared with naturally abundant samples.

b s means single line; f.o. means first-order quadrupole
splitted signal; s.o. means second-order quadrupole
splitted central line.
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samples can easily be evaluated. In Table 2 these
shielding constants are given. A negative sign of
the shielding constant means a higher Larmor
frequency of the nucleus in the solid sample than
for the free atom or ion in the same magnetic field.

For 7Li only a few signals have been observed
and only very broad single signals were found. The
shielding constant for these samples is relatively
small.

For 23Na in sodium halides and in NaBiOgz and
NayB4O7 single lines were measured. It is well
known that for NaNOgz a first-order quadrupole
splitting can be detected [29]. For NaReOs a
spectrum was observed which shows a first-order
quadrupole splitting and a second-order quadrupole
splitting of the central line. An example of this
signal is shown in Figure 1. Only second-order

. .
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Iig. 1. First-order and second-order quadrupole splitting
of the NMR absorption signal of 23Na in NaReO4 powder
measured by Fourier transform spectroscopy. The second
satellite signal of the first-order quadrupole splitting at
higher frequency was outside the experimental spectrum
width, but it could be observed, if a higher excitation
frequency was irradiated. Experimental parameters:
excitation frequency: 23.452 MHz; experimental spectrum
width: 500 kHz; number of sweeps: 1500; measuring
time: 130 minutes; cylindrical sample with 10 mm outer
diameter; temperature: (298 4 3) K; 600 data points
were accumulated followed by 3496 points of zerofilling
before the Fourier transformation of 4 K points.

quadrupole splitted central lines have been
observed for 23Na in NasMoOy, NasWO,, NasS:03
and NapSOy. The values of the quadrupole coupling
constants and of the asymmetry parameter of the
electric field gradient are given in Table 3. The
spectra showing a second-order quadrupole split-
ting of the central line have been evaluated using
the relations describing the positions of the
shoulders and divergences, which have been given
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Table 3. Quadrupole coupling constants of 23Na in some
solid samples.

Sample e2qQ/h Asymmetry Type of observed
in kHz parameter  spectra?
NaNOs3 336 + 1 0.0 + 0.1 single crystal and
powder, f.o.
NaReO4 1044 + 2 0.0 + 0.1 powder, f.o./s.o0.
NasMoOy 2573 + 8 0.0 + 0.1 powder, s.o.
NasWO0, 2479 +-14 0.0 + 0.1 powder, s.o.
NaoS003 1728 +90 0.7 + 0.1 powder, s.o.
NaoSOy4 2620 + 170 0.6 + 0.1 powder, s.o.

a f.o. means NMR signal with first-order quadrupole
splitting; s.o. means NMR signal with a second-order
quadrupole splitted central line.

e.g. by Taylor et al. [30]. Afterwards with a com-
puter program theoretical spectra were calculated
using the parameters: Larmor frequency, quadru-
pole coupling constant and asymmetry parameter
of the evaluation of the experimental spectra. With
this program the resonance frequencies of about
65000 different orientations of the electric field
gradient tensor have been calculated. We found no
hints of an anisotropic nuclear magnetic shielding.
With respect to the relatively small chemical shifts
of 23Na such effects can be estimated to have only
minor significance. For 23Na in NasMoO4 and in
NasWO0, second-order quadrupole splittings have
already been observed [31]; our results agree with
this observation. For 23Na in NasS:03 -5 He0
two crystallographic nonequivalent sodium ions
have been found [32]. Our measurement was
performed with a NasS»03 sample, which contained
no crystal water. Therefore the results are not
comparable. Though two inequivalent sodium ions
are also present, only one quadrupole spectrum
was detected. Additional to the quadrupole coupling
constants of 28Na we have determined the shielding
constants of the sodium samples, the results are
given in Table 2. For the alkali halides NaF,
NaCl, NaBr and Nal the absolute value of the
shielding constant decreases with increasing atomic
number of the halogen counterions, contrary to the
behaviour found for 133Cs incesium halides. For the
sodium salts with oxyanions nearly always lower
Larmor frequencies were measured than in dilute
aqueous solutions. Recently precise measurements
of the chemical shift of 23Na in alkali halides versus
a saturated aqueous NaBr solution have been
published [17]. The values agree with ours within
the limits of error, if the concentration dependence
of the chemical shift of [25] is taken into account.

The magnetic shielding constants of 39K in
potassium halides have already been determined by
Sahm and Schwenk [2]. We have measured the
39K signal in a further compound: K2SnClg. An
example of the 39K signal in this sample is shown
in Figure 2. The linewidth of this signal is very

N
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Fig. 2. Absorption signal of 39K in KsSnClg powder at
4.200 MHz. Experimental spectrum width: 6 kHz; number
of pulses: 300; measuring time: 5 minutes; cylindrical
sample with 10 mm outer diameter; temperature (298 -+ 3)
K; 400 data points were accumulated followed by 15984
points of zerofilling before the Fourier transformation of
16 K points.

small. The signal is observed at a lower Larmor
frequency than the signals in aqueous solutions.
The shielding constant for this sample is given in
Table 2.

Single signals of 87Rb have been observed in
RbCl, RbBr and RbI crystalline samples. The
results of the magnetic shielding constants are given
in Table 2. With increasing atomic number of the
halogen counterions the absolute value of the mag-
netic shielding constant increases. This tendency has
also been found by other authors [16, 18, 19]. But
the values of the shielding constants are not com-
parable, because the shielding constants of the
respective reference solutions were not taken into
account.

Further the chemical shifts of the halogen nuclei
35Cl1, 79Br and 1271 have been determined in alkali
halides relative to aqueous solutions with vanishing
concentration of NaCl, NaBr or Nal. The results
are given in Table4. As only for chlorine the
magnetic shielding constant of an infinitely dilute
aqueous solution is known [9], only for 35Cl in the
alkali chlorides the nuclear magnetic shielding
could be given. The chemical shift of the halogen
nuclei 35Cl, 79Br and 127] passes through a minimum
as a function of the atomic number of the alkali
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Table 4. Results of the NMR measurements of the halogen
nuclei in crystalline alkali halides. The chemical shift data
are given as (¥ — VRer.)/VRer. Where vrer. means the Lamor-
frequency of sodium halide solutions with vanishing
concentration in Hz0. For the evaluation of the shielding
constant of 35Cl in the alkali halides the shielding constant
of 35Cl in diluted aqueous solutions of Ref. [9]: ¢*(35Cl) =
— (170 + 12) - 105 has been used.

Nucleus Salt Chemical Olryst. Typical
shift in ppm linewidth
in ppm in kHz

35C1 LiCl + 4+8 —174-+14 1.3
35C1 NaCl — 4+ 5 — 126 + 13 0.9
35C1 Kl + 44+1  —174 4+ 12 0.2
35C1 RbCl + 45+3 —215+12 0.4
35C1 CsCl +110 +3 — 280 + 12 0.5
9Br LiBr +109 +9 4.2
9Br NaBr — 6+5 2.3
79Br KBr + 47+ 2 1.0
9Br RbBr +118 + 3 1.2
9Br CsBr +275 +3 14

127] Nal +213 +4 1.5

127] KI +179 + 3 0.8

127] Rbl +257 + 2 0.9

1271 Csl +548 + 4 141

nuclei for sodium or potassium halides. This
behaviour has also been found by [18, 20—22].

Some theoretical calculations of the nuclear
magnetic shielding are known; all are using the
Kondo-Yamashita formalism [16]. For 87Rb the
theoretical values are by about a factor 2.5 too
small [10], indicating a decreasing paramagnetic
shielding if the atomic number of the halogen
counterion increases, contrary to the experimental
tendency. From the values of the halogen nuclei
only the value of 35Cl in RbCl (Ref. [10]) can be
compared with the experimental value. In this case
the agreement between the theoretical and experi-
mental value is remarkably good. The other values
of the bromine and iodine nuclei [10, 15, 22] cannot
be compared, because the atom related shielding
constants of these nuclei in the respective com-
pounds are not known.

When performing calculations with the overlap
integrals of Hafemeister and Flygare [34] for all
alkali and halogen nuclei in alkali halides we found
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