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Fourier transform NMR studies of 170, 35Cl, 51V, 53Cr, 5Mn and %Mo are reported for aqueous
solutions of the oxyanions C10,~, VO,*", CrO,", MnO,", and MoO,*, partly enriched in 170. The
indirect spin-spin coupling constant between 170 and the quadrupolar central nucleus is determined:

J ("0 —3%Cl) = (81.4+4.0) Hz, J(}0—51V) = (61.6£2.5) Hz, J(¥70—5Cr) = (1012) He,

J(1"0—%Mn) = (28.9+2.8) Hz and J(170—*Mo) = (40.510.8) Hz.

A linear dependence of the reduced coupling constants on the atomic number of the central nucleus

in the isoelectronic series V0,37, CrO,*~ and MnO,~

Introduction

Indirect scalar spin-spin coupling is a well known
phenomenon in NMR investigations of nuclei with
spin 1/2. If the spin of the nucleus under considera-
tion is greater than 1/2 the interaction of the asso-
ciated electric quadrupole moment with electric field
gradients produces an effective nuclear relaxation
mechanism causing wide lines. Hence, the splitting
due to spin-spin coupling with other magnetic nuclei
and especially with other quadrupolar nuclei is
seldom observable. At least the ratio

21+3 .
rFei-n 9
must be favourable for the quadrupolar nuclei. This
is the case for 2H, 170 and 133Cs. Disregarding 2H,
the quadrupole moment of which is extremely small,
splittings due to spin-spin coupling involving two
quadrupolar nuclei in liquids have been resolvable
by our knowledge only in perchlorate !, permanga-
nate 2, molybdate 3 and pentaborane * solutions.
In the following some further examples of spin-
spin coupling between quadrupolar nuclei in aqueous
solutions of oxyanions observing both 170 and the

was found.

central nucleus are reported. It was one of the aims
of this work to get informations on the systematic
behaviour of spin-spin coupling constants in the
isoelectronic series VO,3~, CrO,2~ and MnO,".

Experimental

The measurements were done with a multinuclei
Bruker pulse spectrometer SXP 4-100 in a magnetic
field of 2.114 T produced by a high resolution Bru-
ker 15" magnet system, externally stabilized by the
Bruker NMR stabilizer B-SN 15. The free induction
decays were accumulated and Fourier transformed
by the Bruker BNC 12 computer. Some essential
features of the observed nuclei 170, 35Cl, 51V, 33Cr,
%Mn and **Mo are given in Table 1.

Rotating and nonrotating cylindrical and spherical
samples of 10 mm outer diameter were used. The
temperature for all measurements was (299 = 2)K.

Further experimental details are given in the
figures. Chemical shifts are given by 0 = [ (¥samp1e/
Vyeterence) — 1] -

The procedure of the preparation of the enriched
samples was the following: At first the respective
salt was dissolved in water, which was enriched in
170. After a waiting time of a few hours the ap-

Table 1. For NMR investigations important properties of 170, 35Cl, 51V, 53Cr, 5*Mn and %Mo.

Nucleus 170 L6 sty #Cr 55Mn 95Mo
Natural abundance in % 0.037 75:53 99.76 9.55 100 15.72
Spin 5/2 3/2 7/2 3/2 5/2 5/2
Larmor-Frequency at 2.114 T in MHz 12.205 8.827 23.661 5.087 22.315 5.865
Receptivity in a 1 molal aqueous solution 1-10—7 3-10—5 4-10-3 8-10—7 2103 5-10—%

(protons = 1)
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propriate base was added to the vanadate, chromate
and molybdate solutions. No base was added to the
KMnO, solution. The signal of this solution was
observed a few days after the preparation. In all
these solutions a total exchange of the oxygen iso-
topes between the solvent and the solute did happen.
This could easily be verified by the observation of
the 170 signal of the solvent and the solute. Only
in perchlorate solutions no exchange occurs °. There-
fore the measurements in the perchlorate solution
were performed at naturally abundant 170.

Results

A) Indirect spin-spin coupling between 170 and 'V
in the VO3~ ion

The indirect spin-spin coupling between 170 and
51V was observed in a 0.9 molal solution of NaVO,
in D,O (enriched to 12% in 170) at a pD value
greater than 13. At this high concentration of OD~
only the two species of vanadate ions V,0;4~ and
VO,3~ exist678. In Fig. 1 the absorption signal of

170

v
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Fig. 1. Absorption signal of 170 at 12.208 MHz in a 0.9 molal
solution of NaVO; in D,0 at pD greater 13, 12% enriched
in 170. Experimental parameters: Experimental spectrum
width: 10000 Hz, plotted spectrum width: 2500 Hz, pulse
repetition frequency: 16.7 Hz, number of pulses: 60 000,
measuring time: 1h, nonrotating spherical sample: 10 mm
outer diameter, sample volume: 0.3 ml. 1 K data points
were accumulated followed by 3 K of zero-filling before
Fourier transformation.

170 in the described solution is given. The fre-
quency increases from the right to the left. The
signal at lower frequency is due to the VO,3~ ion
and that one at higher frequency is due to the
V50,4~ ion. The chemical shift of the 170 signal in
the V,0,*" relative to the VO, signal is 132 ppm.
The signal of 170 in VO,* " is shifted 568 ppm rela-
tive to the water signal in the same sample.

The total linewidth of the two multiplets is 400 Hz
for the V,0,* ion and 470 Hz for the VO3~ ion.
The scalar coupling between 170 and 5!V is obscur-
ed in the V,0,4” ion by chemical exchange effects ?,
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a coupling constant for the VO,3~ ion can be given:
J(170 —51V) = (61.6 = 2.5)Hz *. The lineshape of
the 170 signal in VO,3 is mainly due to the quadru-
polar relaxation of the 5!V nucleus. The ratio of the
reciprocal intensities of the single components of
the multiplet and their linewidths for 170 due to
quadrupolar relaxation of the 3V nucleus is:
1008:1872:1728:1440:1440:1728:1872:1008
(see Ref.1911). To get by a computer program a
similar lineshape as that one given in Fig. 1 for 170
in the VO3~ ion one has to take into account the
given ratio of the intensities and of the linewidths
and a further broadening, unspecific for the differ-
ent lines of the multiplet.

In Fig. 2 the absorption signal of 5!V in the men-
tioned sample is given. The frequency increases now
from the left to the right. The signal at lower fre-
quency is due to the V,0,*" ion and that one at
higher frequency is due to the VO,®~ ion. The chem-
ical shift of the 5!V signal in the V,0,4 ion relative
to the VO~ ionis — 18.5 ppm.

The signal of >V in the VO,3~ ion is composed of
a signal of such ions, which contain no 170 isotope
and which therefore show no scalar coupling, and
further of a signal of ions, which contain one 70

S'IV
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Fig. 2. Absorption signal of 5V at 23.661 MHz in a 0.9
molal solution of NaVO; in D,0 at pD greater 13, 12% en-
riched in 170. Experimental parameters: Experimental spec-
trum width: 5000 Hz, plotted spectrum width: 1500 Hz,
pulse repetition frequency: 1 Hz, number of pulses 200,
measuring time: 3.3 min, nonrotating spherical sample:
10 mm outer diameter, sample volume: 0.3 ml. 1K data
points were accumulated followed by 3 K of zero filling be-
fore Fourier transformation.

* The underlined isotope designates the nucleus, which has
been observed to determine the indirect spin-spin cou-
pling constant.
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isotope. The first kind of ions produces the central
line with a measured linewidth of 27 Hz and the
second kind causes the wings of the signal. From
this signal a coupling constant can be given by a
computer program: J (70 —51V) = (63 £ 5) Hz. The
error is an estimated one. Values of the coupling
constant outside of these limits give clearly different
lineshapes. The linewidth of the hardly resolved
satellites is about 50 Hz. The small asymmetry of the
wings may be due to a small isotopic effect.

The signal of 51V in the V,0,* ion shows no fine
structure. The linewidth‘is 125 Hz. As in the 170
spectrum the chemical exchange is so fast, that with-
out further experiments no coupling constant can be
given.

In less basic solutions (py =~ 12.5) one gets main-
ly two variations in both spectra: first the signal of
the V,0,4~ is as intensive as the signal of the VO3~
ion®~® and second the resolution is worse in the
multiplets of the VO,3~ ion. The chemical shift of
both nuclei in the two compounds depends on the py
value, too.

B) Indirect spin-spin coupling between 70 and *3Cr
in the CrO2~ ion

The indirect spin-spin coupling between 170 and
53Cr was observed in a 2.6 molal basic solution of
K,CrO, in H,0, enriched to 35% in 170. The ab-
sorption signal of %3Cr in this solution is given in
Figure 3. Again, this pattern results from different
components. First, chromate ions, which contain no
170 isotope, give a central line with a linewidth of
about 10 Hz 12, Second, about 42% of the chromate
ions contain one 170 isotope; because of the scalar
coupling between 170 and 53Cr one gets a multiplet
of 6 lines, which is unresolved and superimposed on
the central line. Third, about 30% of the chromate
ions contain two or more 170 isotopes. For two 170
isotopes in one chromate ion one gets 11 different
lines with varying intensity. With the computer
program, which has been used to evaluate the 51V
spectrum, this 33Cr signal has been fitted, too. Fairly
good results could be achieved under the following
conditions: The same linewidth of 9 Hz was assumed
for the central line and for all satellites, further
equal intensity for all 6 satellites was used. The ratio
of the intensities of chromate ions with no 170 isotope
to those with one 170 to those with two 170 isotopes
was determined from the isotopic composition of the
sample. The result for the coupling constant is:
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Fig. 3. Absorption signal of %Cr at 5.087 MHz in a 2.6
molal basic aqueous solution of K,CrO,, 35% enriched in
170, Experimental parameters: Experimental spectrum width:
2000 Hz, plotted spectrum width: 300 Hz, pulse repetition
frequency: 1.7 Hz, number of pulses: 60000, measuring
time: 10 h, rotating cylindrical sample: 10 mm outer diame-
ter, sample volume: 1 ml. 1 K data points were accumulated
and trapezoidal multiplication (no line broadening) followed
by 3 K of zero filling was applied before Fourier transfor-
mation.

J (170 —%3Cr) = (10 £ 2) Hz. The error is an estimat-
ed one.

The coupling between 3Cr and 17O could not be
detected by 170 NMR in the 35% 170 enriched sam-
ple, because the linewidth of the 170 signal in the
chromate ions, which contain no %3Cr isotopes, is
about 20 Hz and because the ratio of the intensities
of the central line to each line of the expected mul-
tipletis 1 : 0.025.

The chemical shift of the 170 signal of the chro-
mate ion relative to the 170 signal in pure water is
822.1 (0.5)ppm. This value is slightly different
from the value given in Reference 13.

C) Indirect spin-spin coupling between 170 and %Mo
in the MoO,2~ ion

Recently the coupling constant J (170 — %Mo) was
determined by 170 NMR by Vold and Vold? in the
molybdate ion. In the present work the scalar cou-
pling of 170 and %Mo in molybdate was observed
using either of both nuclei. The sample was a 1 molal
basic solution of Na,MoO, in H,0, enriched to 11%
in 170. In Fig. 4 the absorption signal of %Mo in
this sample is given. The central line is due to the
molybdate ions which contain no 170 nuclei. Because
of the nonrotating spherical sample the linewidth is
about 5 Hz, though the natural line width is less than
1 Hz (Ref. 1*716), The multiplet yields the coupling
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Fig. 4. Absorption signal of ®Mo at 5.865 MHz in a 1 molal
basic aqueous solution of NaMoO,, 11% enriched in 170.
Experimental parameters: Experimental spectrum width:
1000 Hz, plotted spectrum width: 300 Hz, pulse repetition
frequency: 0.5 Hz, number of pulses: 30000, measuring
time: 16.6 h, nonrotating spherical sample: 10 mm outer
diameter, sample volume: 0.3 ml. 1 K data points were ac-
cumulated and trapezoidal multiplication (no line broad-
ening) followed by 3 K of zero filling was applied before
Fourier transformation.

constant J (170 — %Mo) = (40.5 = 0.8) Hz. The result
is in good agreement with the results of the 170
measurements: See Ref. 3 and the value of the pres-
ent work given also in Table 2. In the 70 NMR
pattern, the multiplet is shifted a small amount to
lower frequency relative to the central line. This
small shift may be an isotopic effect. The ratio of
the intensities of the central line and the satellites
indicates, that only the coupling between 170 and
9Mo is observed. The quadrupole moment of ”Mo
is 11.4 times larger than that of Mo (see Refer-
ences 1%15), Also by Mo NMR no coupling be-
tween Mo and 170 was observable, only a single

Table 2. Spin-spin coupling constants between 170 and other

quadrupolar nuclei in oxyanions. The results of this work

are given in column 3 and 4. The known values (given in

column 5) were all determined by 70 NMR. The under-

lined isotope designates the nucleus which has been used to
determine the coupling constant.

Oxyanion  Quadru- J(!70-X) J(170-X) J(170-X)
polar in Hz in Hz in Hz
nuclei X (known

values)

Clo,~ 35,37C1  81.4%4.0 — 85.5+0.5

(Ref. 1)

Vo2 sty 61.6+2.5 6315 s

Cr0,2" 53Cr — 102 -

MnO,~ 55Mn 28.9+2.8 — 30.2%+3.0

(Ref. 2)

MoO,*" %Mo 40.3+0.9 40.5%+0.8 40.3+0.2

(Ref. 3)
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broad line with a width of about 50 Hz could be
detected.

D) Indirect spin-spin coupling between 1’0 and >Mn
in the MnO,~ ion and between 70 and 3>3"Cl in the
ClO,~ ion

The coupling constants between 70 and 3337Cl
and between 70 and *Mn have already been mea-
sured both in enriched samples by 70 NMR 12,
In the present work only the coupling between 170
and *Mn was observed in a 11% enriched sample,
the coupling constant of 170 and 3%37Cl was mea-
sured at natural abundance.

In a 0.4 molal KMnO, solution in H,O a coupling
constant J (70 — 5°Mn) = (28.9  2.8) Hz was found.
This result is in good agreement with the value of
Broze and Luz? (see Table 2). A lineshape was
observed, which is mainly due to the quadrupolar
relaxation of the 3Mn nucleus, contrary to the
lineshape reported in Reference 2. This may result
from the different Larmor-frequencies used in both
experiments.

The Mn signal in the mentioned sample shows
a partly resolved pattern complicated by the isotopic
composition of the water. Further experiments with
this and other samples are running.

As already mentioned the exchange rate of the
170 isotope between the water and the ClO,™ is
very small; therefore the coupling between 70 and
3537C1 was measured by 70 NMR at naturally
abundant 170. The value is given in Table 2, it is
in good agreement with the value of Alei !.

By 35C1 NMR the coupling between 170 and 35Cl
was not observed though a signal-to-noise ratio of
6400 was achieved. Enriched samples in 70 would
give better intensity ratios between the main line
and the satellites.

E) Correlation of the scalar spin-spin coupling con-
stant with the atomic number in the isoelectronic
series vanadate, chromate and manganate

Systematic investigations of indirect spin-spin
coupling constants between 'H or %F (indicated by
A) and atoms of the same group of the periodic
table or of isoelectronic atoms (indicated by B) in
similar molecules show, that there is a linear cor-
relation of the reduced coupling constant [/ (4 — B)/
v yp]Y2 with the atomic number of B17720, y, , vp
are the gyromagnetic ratios of the respective nuclei.
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It is interesting to test whether this empirical rule
is valid only for 'H and '°F. In this work the cou-
pling constants of 17O with the central nuclei in the
isoelectronic series VO,3~, Cr0,>~ and MnO,~ has
been measured. One finds that the reduced coupling
constants, which one gets from the values of Table 2
and from the gyromagnetic ratios of 70 and the
corresponding nuclei 5'V, 53Cr and %°Mn, are con-
sistent with a linear dependence on the atomic
numbers of the metallic nuclei in the isoelectronic

series VO,3~, Cr0,2~ and MnO, .

Conclusions

Indirect spin-spin couplings between two quadru-
polar nuclei in ligands are usually not easy to ob-
serve due to the broad lines and weak signals.
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It is very useful to detect the NMR signals of both
nuclei, which are connected by the spin-spin coupling
for a selection of the most favourable nucleus for
the evaluation of the coupling constant.

In the observed oxyanions the scale of the found
patterns ranges from fully resolved spectra for both
involved nuclei in MoO4*~ to only a weakly struc-
tured line of 33Cr and a single line of 170 in the
chromate ion.
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