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Abstract: In Nuclear Magnetic Resonance (NMR) spectroscopy, the isotropic chemical shift d;4, is a
measure of the electron density around the observed nuclide. For characterization of solid materials
and compounds, it is desirable to find correlations between d;5, and structural parameters such as
coordination numbers and distances to neighboring atoms. Correlations of good quality are easier to
find when the coordination sphere is formed by only one element, as the electron density is obviously
strongly dependent on the atomic number. The current study is therefore restricted to nuclides in
pure oxygen coordination. It is shown that the isotropic shift J;;, correlates well with the average
oxygen distances (as defined by the coordination sphere) for the nuclides 2*Na (with spin I = 3/2),
27Al (I = 5/2), and #3Ca (I = 7/2), using literature data for a range of periodic solids. It has been
previously suggested for 207Ph (I = 1/2) that J;4, may alternatively be related to the shortest oxygen
distance in the structure, and our study corroborates this also for the nuclides considered here. While
the correlation with the minimal distance is not always better, it has the advantage of being uniquely
defined. In contrast, the average distance is strongly dependent on the designation of the oxygen
coordination sphere, which may be contentious in some crystal structures.
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1. Introduction

Nuclear Magnetic Resonance (NMR) spectroscopy probes the response of the magnetic
moments of nuclei in an external magnetic field. Since its inception in 1946 [1], it has
developed into a powerful analytical tool, with a wide range of applications in chemistry,
physics, and materials science [2—4]. In particular, NMR spectroscopy of inorganic solids has
become an established method for the elucidation of structure and dynamics, as a technique
complementary to X-ray diffraction (XRD) [4-7]. The successful application of solid-state
NMR to crystallographic problems has led to the establishment of a ‘Commission on NMR
Crystallography and Related Methods’ in the International Union of Crystallography [8].
Many crystallographic questions, such as the determination of asymmetric units, or the
assignment of space groups may be answered by considering the isotropic chemical shift
biso of the NMR-observed nuclide in the corresponding structures [5,6]. The chemical shift
reflects the modification of the resonance frequency by the electronic charges surrounding
the nucleus, which obviously encapsulates information about the coordination sphere, i.e.,
number and type of neighboring atoms. This three-dimensional electronic shielding is
commonly described by a symmetric second-rank tensor. The isotropic chemical shift d;, is
the weighted trace of this tensor:

1

3 (011 + 02 + J33) 1)

diso =

From solution-state NMR spectra, only d;s, is available. NMR spectra of solids, whether

under static or magic-angle spinning conditions [9], may additionally contain information
about the individual tensor elements [10-12].
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Among other structural information that may be derived from the isotropic chemical
shift, one is of particular interest in the context of the current work, namely the attempt to
correlate d;5, with interatomic distances between the observed nuclide and the coordinating
oxygen atoms. Many inorganic compounds contain oxygen, not just in the form of the 0>~
ion (as present in oxides) but also in more complex oxyanions such as phosphates PO>~,
sulphates SOi_, carbonates CO%‘, etc. In many cases, the oxygen atoms form (more or less)
regular coordination polyhedra around the elements of the cationic sublattice. Examples
for five-, six-, and ninefold coordination by oxygen are depicted in Figure 1.

23Na 2TA| 43Ca

Figure 1. Oxygen coordination polyhedra for: fivefold-coordinated sodium in Na;GeO3 (ICSD no.
1622), sixfold-coordinated aluminum in YAIO; (ICSD no. 88261), and ninefold-coordinated calcium
in CaCOj3 (aragonite, ICSD no. 32100).

Obviously, it would be advantageous if one could obtain information about the dis-
tances of oxygen coordination via the é;5, parameter of the observed nuclide, which is
comparatively easy to extract from NMR spectra. Such correlations have indeed been sug-
gested for the oxygen coordination sphere of 23Na[13,14], %’ Al[15],#3Ca[16], and 2 Pb [17].
In these papers, it was assumed that the isotropic chemical shift of an observed nuclide X,
which is surrounded only by oxygen, depends on the average X-O distance, dgyg, calculated
over the oxygen atoms coordinating X. However, dgy, is distinctly dependent on the choice
of this coordination sphere, and the coordination number (CN) defined by it. The question
of how to define a coordination sphere in a periodic structure is indeed complex and
still a matter of debate among chemists and crystallographers [18]. Recently, it has been
suggested to circumvent this problem by using the shortest X—O distance found in the
structure, d,;;,, instead of the average over the neighboring atoms. For 2”7Pb (with spin
I = 1/2) in oxygen surroundings, use of d;, leads to improvements in the correlation [19].

In the present work, we extend the concept of correlating J;s, of the observed nuclide
with its distance to the nearest oxygen to NMR spectroscopy of »Na (I = 3/2), % Al
(I = 5/2), and 3Ca (I = 7/2). For all three nuclei, it is shown that the quality of the
correlations is similar to or better than those obtained by using d,,¢, while removing the
ambiguity inherent in the definition of the coordination sphere.

2. Materials and Methods

Isotropic chemical shift values ;;, were collected from the literature, with the specific
references listed in Tables A1-A3. It should be noted that all nuclides considered here
have a spin I > 1/2 and thus possess a quadrupole moment [20]. For non-cubic electronic
surroundings, this affects the NMR energy levels by the so-called quadrupole coupling,
which is the interaction between the quadrupole moment of the nucleus and the electric
field gradient (EFG) of the surroundings. For large coupling constants, the resonance
position of the central transition is affected by it, in addition to the change of position
caused by the chemical shift. This “quadrupolar shift” needs to be corrected for when
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determining d;,,. For the literature NMR results used in the current work, we only selected
studies where (i) the quadrupolar shift was properly considered (whenever necessary),
and (ii) the applied referencing for the chemical shift was clearly defined. The most
common reference systems are: 1M NaCl solution for 2*Na, AI** in aqueous solution
for 27 Al, and 1M CaCl, solution for *3Ca. In some cases, when the relation of different
reference material was well known, the originally reported J;5, values were corrected to
the references listed above. This meant adding 7.2 ppm when solid NaCl was used as
reference for 2>Na [21], and adding 8 ppm when a saturated CaCl, solution was used [22].
(Theoretically, the change in Larmor frequency needs to be considered when moving a
reference; however, for corrections <10 ppm, this makes practically no difference).

For those compounds selected on the grounds of rigorous and sound NMR charac-
terization, the needed structural parameters were extracted from the Inorganic Crystal
Structure Database (ICSD, provided by FIZ Karlsruhe GmbH). In case of multiple entries
for one compound, the selection criteria were data quality, goodness of R-factor, the age of
the publication, and the consistency with other structural models. To determine distances,
the implemented ICSD function “Distances and Angles” was employed. The standard
settings of this tool define the first coordination sphere by taking bond lengths in the range
between 0.7 and 3.0 A into account, which were accordingly used for our evaluations.

3. Results
3.1. NMR of 2Na with I = 3/2 in Oxygen Coordination

The isotropic chemical shifts (J;5,) of 2?Na in a number of inorganic compounds
are tabulated in Table Al in Appendix A, together with the parameters of their crystal
structures: coordination numbers (CN), and both the average (dsv¢) and minimal sodium-~
oxygen (d,i,) distance within the coordination sphere. Figure 2a shows the plot of J;s,
versus dgyg, and Figure 2b the plot of d;5, versus d;;,. The data points in both plots display
appreciable scatter, leading to Pearson correlation coefficients [23] that are comparatively
low. By considering classes of sodium-containing compounds such as silicates, borates,
carbonates, etc. in separate plots, these correlations can be substantially improved [14].
However, the purpose of the current work is to compare average to the shortest distance;
therefore, members of various compound classes were included in our plots. It can be
seen from the caption of Figure 2 that plotting the chemical shifts versus d,,;,, leads to a
marginally better correlation coefficient. While this improvement might not be significant,
the important advantage of using the minimal distance to oxygen is that, in contrast to the
average distance dgyq, it is unequivocally defined in the crystal structure.

O %
\®O ............. ...... 20
N0 : c
...... \\\. 10 ol

: SN : o
...... C@\\O 0 \8
: O: "y &
"""""""" O\\\\\O ‘10
................ O\\‘ -20
23 24 25 26
dag(Na-O) in A drin(Na-O) in A

Figure 2. (a) Evolution of the 2Na isotropic chemical shift (J;,) versus average Na-O distance,
davg, for compounds where sodium is solely coordinated by oxygen. (b) ;5, versus the shortest
Na-O distance, d;,. Dashed lines show the least-square linear fits, which follow the relations
Jiso = (—131 £48)daye + (328 £119), with a Pearson correlation coefficient of 7;,; = 0.62, and
Siso = (—138 £ 43)d,;,, + (330 £ 103), with r,,,;, = 0.68, respectively. All data are listed in Table A1.
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3.2. NMR of 7 Al with I = 5/2 in Oxygen Coordination

The plots in Figure 3 show the 2 Al isotropic chemical shifts (J;5,) versus average
and shortest aluminum-oxygen distance in the crystal structures, with the relevant data
listed in Table A2 in Appendix B. For the listed values of Jjs,, the absence of digits after
the decimal points indicates that the estimated precision was > 1 ppm. This may even
apply for different crystallographic sites in a single compound, as may be seen from the
entry for 6-Al,O3 in Table A2. Here, the site with the lower coordination number (CN = 4)
experiences stronger quadrupole coupling (see also Section 2), which leads to broader lines
and hence decreased the accuracy for determination of J;,. Regarding the scaling of the
x-axis in Figure 3, it should be noted that for 2/ Al, the interatomic distances to oxygen are
significantly smaller than those reported for either 23Na (see above) or 3Ca (see below).
This is due to the fact that A13T with its high net electrical charge has a larger atomic number
than Na™ despite both cations possessing an identical electron configuration. Compared to
Na*, and also to Ca?>* with its additional fully-occupied 3s and 3p orbitals, this leads to a
smaller effective ionic radius for AI**. This effect is also visible in the graphics of Figure 1.
An alternative view of the situation is to consider the role of covalency. Since the difference
in electronegativity between oxygen and aluminum (=1.8) is much lower than those of
sodium (=/22.5) and calcium (~2.4), a higher degree of covalent character is expected for
aluminum-oxygen compounds. The more directed nature of covalent bonding leads to
shorter distances.
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Figure 3. (a) Evolution of the 27 Al isotropic chemical shift (d;,,) versus average Al-O distance,
davg, for compounds where aluminum is solely coordinated by oxygen. (b) J;5, versus the shortest
Al-O distance, d,,;,. Dashed lines show the least-square linear fits, which follow the relations
Siso = (—471 £ 67)dapg + (904 £ 125), with a Pearson correlation coefficient of 7,5 = 0.90, and
biso = (—484 +99)d,;,, + (900 £ 178), with r,,;,, = 0.82, respectively. All data are listed in Table A2.

Figure 3a shows a remarkably strong clustering of the data points according to their
coordination number (CN). The highest shift values are observed for the CN = 4, the lowest
for CN = 6, with those for CN = 5 clearly separated in between. Apparently, this clustering
also leads to correlation coefficients that are much better than those observed for the Na
data discussed above. One possible explanation for the clustering is to again consider the
non-negligible covalent character in the bond interactions of aluminum discussed above.
In a coordination sphere realized only by covalent bonds (i.e., a molecule), the number of
coordination partners and the bond lengths are clearly defined. Thus, the presence of some
covalent character in the aluminum compounds would narrow the spread of available
distances and lead to the cluster effect observed in Figure 3a. For the plot of the minimal
distances in Figure 3b, the clustering was less pronounced, with the data points for five-
and sixfold-coordination overlapping. From the caption of Figure 3, it may be seen that for
27 Al, use of the shortest distances leads to a correlation coefficient that is slightly worse
than that for use of dyg. However, the resulting linear equations are very similar; and
again, finding d,,;, in a given structure is much easier than defining average distances.
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3.3. NMR of #Ca with I = 7/2 in Oxygen Coordination

Figure 4 shows ;,, values of 3Ca plotted versus average and shortest calcium-oxygen
distance in the crystal structures, with the relevant data listed in Table A3 in Appendix C.
In comparison to both 22Na and 2’ Al, the coordination number (CN) of 43Ca is generally
higher, with CN > 7. This is due to the larger size of the calcium ion (see also Figure 1),
which allows for more neighbors in the coordination sphere. Some clustering according
to the coordination number can be seen in Figure 4a. For “3Ca, this only separates off
the compounds with CN = 12, whereas the values for CN = 7...9 all overlap; hence,
the cluster effect is much weaker than that observed for 2 Al, cf. Figure 3a. From the
data considered in this paper, the improvement in the correlation when using minimal
instead of average distances to oxygen is the largest for *Ca (see also Figure 4b), with the
Pearson correlation coefficient increasing from 744 = 0.43 to 7, = 0.70. Similar to 27Al,
the clustering effect in the plots disappears when using d,;;;;, instead of dgyq.

(b)

2.3 2.4 25 2.6 2.7 28 23 2.4 25 2.6 2.7 2.8
Uag(CarO) in A din(Ca-0) in A

Figure 4. (a) Evolution of the 43Ca isotropic chemical shift (J;5,) versus average Ca—-O distance,
davg, for compounds where calcium is solely coordinated by oxygen. (b) d;5, versus the shortest
Ca-O distance, d,;,. Dashed lines show the least-square linear fits, which follow the relations
Siso = (—131 £ 84)dpg + (334 £ 212), with a Pearson correlation coefficient of rzyq = 0.43, and
diso = (—218 £ 66)d,;,, + (526 £ 160), with ., = 0.70, respectively. All data are listed in Table A3.

4. Discussion

In the context of relating NMR parameters to structural features in inorganic com-
pounds, we investigated the relation of the isotropic chemical shift (J;5,) of the nuclides
23Na (with spin I =3/2), 27A1(I =5/2),and ¥¥Ca (I = 7/2) in pure oxygen coordination
to the nuclide-oxygen distances in their coordination sphere. It could be shown that the
correlation of d;5, with the shortest oxygen distance [19] works about as well as using the
average oxygen distance [13-17] for 2>Na and % Al and even better for ¥*Ca. Use of the
minimal distance has the additional advantage that this parameter is uniquely defined.
In contrast, the calculation of an average distance is strongly dependent on the definition
of the oxygen coordination sphere, which may be contentious in some crystal structures.
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Appendix A. Chemical Shifts and Structural Parameters for 2Na

Table Al. 2®Na isotropic chemical shifts 5, of compounds containing sodium in pure oxygen

coordination. The shifts are reported relative (and where necessary, have been converted) to a 1M

NaCl solution. Also listed are the coordination numbers (CN) of sodium and the distances to the

surrounding oxygens in the crystal structure. The literature references refer to the NMR work and

the crystallographic references may be traced to via their entry code in the ICSD.

ICSD 2 .
Space davg/ A din/ A ‘
Compound Code Group (no.) CN (Na-O) (Na-O) Jiso/lppm  Ref.
(year)
NaAlO, (124072%(; Pna2; (33) 5 2.459 2.298 26.2 [24]
NayGeO3 (}g%) Cmc2; (36) 5 2.398 2.291 22.6 [14]
NayB,0s5 (110907691) C2/c (15) 5 2.394 2.302 19.6 [14]
6 2.480 2.349 14.4
NayCy04 (51699801(; P2y /c(14) 6 2.405 2.320 17.9 [25]
34645 5
NaBO, (1963) R3c (167) 7 2.512 2.461 1.8 [14]
NapSOy (218907556) Fddd (70) 6 2.432 2.334 -1.3 [24]
NayGegOyp (618959%7) 141 /a (88) 6 2.542 2.325 -2.1 [14]
NaHCO3 (118916853) P2y /c(14) 6 2.437 2.385 —5.4 [26]
NayGeyOg 1(23%2)9 P3c1 (165) 7 2.611 2.442 —6.4 [14]
68707
NaNO; (1990) Im2m (44) 6 2.471 2.451 -8.1 [25]
B-NaVOs; (2199254(; Pnma (62) 6 2.435 2.369 -10.3 [25]
14287
NalOy4 (1970) I41/a (88) 8 2.566 2.535 —125 [26]
NaClOy4 200405 Cmcm (63) 8 2.564 2.386 —204 [26]

(1978)
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Appendix B. Chemical Shifts and Structural Parameters for 2’ Al

Table A2. %7 Al isotropic chemical shifts s, of compounds containing aluminum in pure oxygen
coordination. The shifts are reported relative to AI** in aqueous solution. Also listed are the
coordination numbers (CN) of aluminum and the distances to the surrounding oxygens in the crystal
structure. The literature references refer to the NMR work and the crystallographic references may be
traced to via their entry code in the ICSD.

ICSD 2 .
Space duvg /A dmin /A .
Compound Code Group (no.) CN (AL-O) (AL-O) Jiso/lppm Ref.
(year)
. 430184
7-LiAlO; (2016) P41212 (92) 4 1.758 1.752 81.8 [27]
14780
B-NaAlO; (2020) Pna2, (33) 4 1.768 1.733 80.1 [28]
82504
0-Al,O3 (1996) C2/m (12) 4 1.773 1.697 80 [29]
6 1.929 1.819 10.5
AlLPO4(OH);3 100542
H,0 (senegalite) (1979) P2ynb (33) 5 1.848 1.788 36 [30]
6 1.900 1.819 1.7
Al,S5i05 172728
(andalusite) (2006) Pnnm (58) 5 1.823 1.804 35 [31]
6 1.920 1.823 10
Al,PO4(OH)3 426641
(augelite) (2014) C2/m(12) 5 1.831 1.752 30.9 [30]
6 1.889 1.827 0.3
55870 =
AlVOy (2004) P1(2) 5 1.829 1.805 27.2 [32]
51687 =
a-Al,O3 (2001) R3c (167) 6 1.914 1.854 18.8 [33]
88261
YAIO3 (1999) Pbnm (62) 6 1.910 1.901 10.7 [34]
2888
KAIP,O7 P2y /c (14) 6 1.889 1.842 —16.6  [35]

(1973)
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Appendix C. Chemical Shifts and Structural Parameters for *Ca

Table A3. #3Ca isotropic chemical shifts 6,5, of compounds containing calcium in pure oxygen
coordination. The shifts are reported relative (and where necessary, have been converted) to a 1M
CaCl; solution. Also listed are the coordination numbers (CN) of calcium and the distances to the
surrounding oxygens in the crystal structure. The literature references refer to the NMR work and
the crystallographic references may be traced to via their entry code in the ICSD.

ICSD . .
Space Group davg/A din/ A ‘
Compound Code (no.) CN (Ca-0) (Ca-0) Jiso/lppm  Ref.
(year)
97463
CaZrO3 (2003) Pcmn (62) 8 2.568 2.335 55.5 [36]
14270
CaAl,O7 (1970) C2/c (15) 7 2.525 2.330 53.7 [37]
. 153172
CaTiO3 (2005) Pbnm (62) 8 2.516 2.353 21.0 [38]
Cap,MgSir) Oy 1((1)8;:1)’)6 P42ym (113) 8 2.577 2.425 7 [39]
62430
CaB,0y4 (1987) Pnca (60) 8 2.500 2.339 6 [22]
CaCy0, -2H,0 809;%3) 14/m (87) 8 2458 2.391 44 [40]
CaCy04 -3HO 159851 P1(2) 8 2.448 2.379 3.8 [41]
(1981)
CaWO 5510 14, /a (88) 8 2.438 2.360 2.6 [36]
4 (2019) 1 . : .
60556
CaMoOy4 (1985) 141 /a (88) 8 2.403 2.393 1.1 [36]
CaSO;2H,0 W12 o5 8 2450 2360 —191  [38]
(2008)
CaCOg3 32100
(aragonite) (1986) Pmcn (62) 9 2.528 2.416 —27.2 [42]
202616 P63 /mmc
CaAly,0q9 (1988) Goa) 12 2.748 2.712 —446  [37]
Ca(NO3), 52351 Pa3 (205) 12 2.716 2.502 -50.9 [38]
(1931)
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