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The 35CI and 37CI solid state n.m.r. chemical shifts are highly correlated with the interionic separation and with the 
electronegativity of the cation in inorganic chloride salts with cubic structures. 

Solid state n.m.r. is finding ever greater acceptance as a 
method for providing structural information. Chlorine has 
been used in solution n.m.r. studies but, as yet, there have 
been few reports of solid state n.m.r. of either the 35Cl or 37Cl 
isotopes. This is probably due to their typically large quadru- 
pole coupling constants (q.c.c.) which make them ideal 
candidates for nuclear quadrupole resonance (n .q.r .) spectro- 
scopy, but less suited for n.m.r. However, when the nucleus is 
in a position of high symmetry, the q.c.c. is small and either 
isotope is a good candidate for solid state n.m.r. because 
natural abundances are high (75% for 35Cl and 25% for 37Cl), 
the gyromagnetic ratios give Larmor frequencies which are 
high enough to be conveniently measured on a high field 
instrument (49 MHz for 35C1 and 41 MHz for 37Cl at 11.7 
Tesla), and the chemical shift ranges are large. Here we report 
on the 35Cl and 37Cl solid state n.m.r. of five chloride salts with 
cubic structures. 

The n.m.r. spectra were measured at room temperature on 
a Bruker AM 500 spectrometer equipped with a Bruker 
double bearing CP/MAS probe. The chemical shifts were 
measured by comparison with an external dilute solution of 
C1-, the resonance of which was assigned 0.0 p.p.m. Of the 
five salts, two (CsC1 and NH4Cl) have the CsCl structure in 
which the C1- ion has eight cation neighbours at equal 
distances, and three (NaC1, KC1, and RbC1) have the NaCl 
structure in which the C1- ion has six cation neighbours at 
equal distances. 

The measured chemical shifts are given in Table 1 and the 
spectra of two of the salts are shown in Figure 1. For each salt, 
both isotopes give peaks at the same chemical shift value. This 
equality of chemical shifts shows that there are no quadrupole 
effects which would produce unequal shifts in the resonance 
positions because of the unequal values of the quadrupole 
moments (Q) of the two isotopes [Q of W l  is -0.0789 barns 
and Q of 37Cl is -0.0621 barns (1 barn = 10-24 cm2 per 
nucleus)]. To interpret these data we therefore need only to 
consider chemical shift effects. 

Table 1. 3TC1 and 37C1 Chemical shiftsa and structural data. 

Sample Structure 35c1 T I  R(A) S.e.n. 

C1- ( aq ) 0.0 0.0 
CsCl CsCl 109.4 109.6 3.560 0.2200 
NHjCl CsCl 74.0 73.8 3.357 0.3075 
RbCl NaCl 44.7 44.8 3.285 0.3120 
KCl NaCl 3.07 2.8 3.139 0.4450 
NaCl NaCl -46.1 -42.0 2.814 0.5600 

a Chemical shifts are measured in p.p.m. relative to an external 
standard of dilute C1-. The least squares fits to the data gave the 
relations: G(p.p.m.) = -2264 (s.e.n./c.n.) + 166, where s.e.n. is the 
Sanderson electronegativity and c. n. is the co-ordination number of 
the CI-; 6(p .m.) = 216(R) -660 where R is the internuclear 
separation in X. 
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Figure 1. 35Cl spectra of (a) NH4Cl and (b) KC1. Magic angle spinning 
(MAS) rate was 4.5 KHz, spinning side bands are indicated by the 
stars. The NH4C1 line is broadened by the protons which were not 
decoupled. 

Various correlations between chemical shifts and structural 
parameters have been published. For example, in an analysis 
of 99 different sites in minerals, the 29Si chemical shift has 
been shown to be sensitive to the sum of the electronegativi- 
ties of the bonded groups.' 31P chemical shifts in orthophos- 
phates have been shown to be highly correlated with the 
electronegativity of the nearest neighbour divided by V'R, the 
distance to the nearest neighbour.2 Turner et al. also found 
that the 31P chemical shift anisotropy was linearly correlated 
with the average deviation of the 0-P-0 angle from tetra- 
hedral in orthophosphate systems.2 In aluminophosphates, 
both the 27Al and 31P chemical shifts are correlated with the 
mean A1-0-P angle.3 

The parameters which we tested for correlation with the 
chemical shift included R ,  1/R, UR3, llV'R, Sanderson 
electronegativity, Sanderson electronegativitylR, Sanderson 
electronegativitylV'R, the volume of the unit cell, and the 
cation/anion radius ratio. For these C1 n.m.r. data, the 
chemical shifts were found to be well correlated with both the 
distance, R (Figure 2a), between the chloride anion and the 
cation, and the (Sanderson) electronegativity4 of the electro- 
positive element (Figure 2b). The correlation with the 
electronegativity of the cation is better than that with the 
internuclear separation. Sanderson electronegativities of the 
neutral atoms were used rather than the older, more common 
Pauling electronegativities, because the latter are less refined, 
and for example, show no difference between the values for Cs 
and Rb. The best fit was achieved when the electronegativity 
was adjusted for the number of nearest neighbours by dividing 
the electronegativity by the co-ordination number. 

Not surprisingly, the Sanderson electronegativity and the 
interionic separation are also highly correlated. Since elec- 
tronegativity values for the elements were available, but that 
of NH4 was not available, the electronegativity of NH4 was 
estimated via a least squares fit of the electronegativity versus 
R for the other four salts. The estimated value of the 
electronegativity of NH4 is given in Table 1 along with the 
literature data for the other four crystals. The best fit 
equations given at the bottom of Table 1 can be used to 
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Figure 2. Least squares fits of the Cl chemical shift to (a) R ,  the 
internuclear separation in 8, and (b) the Sanderson electronegativity 
(s.e.n.) divided by the co-ordination number (c.n.). 

estimate the electronegativity of, or distance to, cations in 
cubic chloride salts for which n.m.r. data are available. 

The C1- ion has a closed shell, noble gas configuration so 
paramagnetic contributions to the chemical shift are neg- 
ligible. The deshielding of the chlorine nucleus by its 
electropositive neighbours shifts the resonance downfield. 
Larger, more electropositive cations like Cs+ have a larger 
effect upon the the C1- electrons than smaller, less electro- 
positive ions like Na+ . The influence of 8 neighbours is greater 
than that of 6 neighbours and must be divided out to compare 
the effects. The linear correlation in R is unusual and more 
difficult to understand. That the correlation with R is not 
caused by simple steric or packing effects which 'squeeze' the 
C1- electrons can be seen by the poor correlation with the 
volume of the unit cell. However, the outer electrons of the 
larger cations are much less tightly bound than those of the 
smaller cations. Perhaps the greater polarizability of the larger 
ions is responsible for the greater observed deshielding of the 
C1 nucleus and is manifested in a linear dependence upon the 
internuclear separation. We emphasise that the dependence is 
upon the internuclear separation and not upon the ionic 
radius, NH4+ and Rb+ have the same ionic radius. 
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