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We report a systematic solid-state23Na nuclear magnetic resonance study of sodium complexes with crown
ethers, cryptands, and naturally occurring antibiotic ionophores. Precise information about23Na quadrupole
coupling constants and chemical shifts was determined from analysis of23Na magic-angle spinning (MAS)
NMR spectra. We found that the experimental23Na chemical shifts can be related to an empirical parameter
that is a function of the atomic valence of the donor ligand, the Na+-ligand distance, and the coordination
number (CN) around the Na+ ion of interest. A reasonably good correlation was also observed between the
23Na quadrupole parameters measured in CDCl3 solution and those measured in the solid state, indicating
that the cation exchange is slow in CDCl3. In MeOH solution, however, neither23Na quadrupole parameters
nor chemical shifts of the Na-ionophore complexes show correlation with the corresponding solid-state data.
Finally, we report the23Na chemical shift tensor in Na(12C4)2ClO4: δ11 ) δ22 ) -1 ppm andδ33 ) -15
ppm.

1. Introduction

Alkali metal elements are indispensable in many biological
processes. Unlike divalent metal ions, monovalent alkali metal
ions generally exhibit weak association to biological macro-
molecules. Their roles have been thought primarily to be as
bulk electrolytes that stabilize surface charges on proteins and
nucleic acids. However, recent discoveries have revealed that
alkali metal ions also play unique structural roles in biological
systems. For example, the presence of K+ or Na+ ions is critical
in the formation of G-quartet structures in telomeric DNAs.1-4

Cs+ and K+ ions are also found to promote pentameric assembly
of DNA bearing the nonstandard nucleobase isoquanine.5 K+-
specific binding sites in proteins and in ion channels have
recently been characterized by X-ray crystallography.6

Among NMR active alkali metal nuclei,23Na is relatively
easy to study because of its 100% natural abundance and
relatively high magnetogyric ratio,γ ) 7.0761× 107 rad‚s-1‚T-1.
However, the fact that23Na is also a quadrupolar nucleus (I )
3/2 andQ ) 0.1× 10-28 m2) imposes some practical difficulties
not only on carrying out NMR experiments, but also on
interpreting the experimental data. One of the major problems
of solution23Na NMR is related to its intrinsically poor spectral
resolution, arising from a combination of small chemical shift
range and large line width due to efficient23Na quadrupole
relaxation. In addition, the rapid cation exchange between free
and bound states often prevents one from observing separate
NMR signals for different cation-binding sites. In contrast, solid-
state NMR spectra exhibit intrinsically high resolution due to
relatively long relaxation times and restricted cation motion,
making NMR a potentially useful technique for detecting
different metal-binding sites. However, the conventional magic-
angle spinning (MAS)23Na NMR technique still suffers from

poor spectral resolution because of the incomplete averag-
ing of second-order quadrupolar interactions.7 Consequently,
solid-state NMR of alkali metal nuclei has found little use in
the study of biological systems. A recently developed solid-
state NMR technique, the multiple-quantum magic-angle spin-
ning (MQMAS) methodology, makes it possible to completely
remove the undesirable second-order quadrupolar interactions
for half-integer quadrupolar nuclei.8 The tremendous improve-
ment in spectral resolution brought about by the use of MQMAS
has inspired new views concerning the potential of solid-state
alkali metal NMR in many areas of chemistry and materials
science.9-20 Extension of the new high-resolution solid-state
NMR techniques to the study of biological systems is also an
emerging trend. For example, direct detection of the Na+ ions
bound to oligonucleotides containing G-quartet structures has
been recently demonstrated.21 To correctly interpret solid-state
23Na NMR parameters and eventually relate them to the local
structures at the binding site, it is desirable to examine a series
of model systems for which the Na+ binding sites are well
defined. To this end, we have chosen to study sodium complexes
with crown ethers, cryptands, and naturally occurring antibiotic
ionophores by solid-state23Na NMR spectroscopy. Sodium
complexes with ionophore ligands have been extensively studied
for many years. More importantly, a large number of Na+-
ionophore complexes have been structurally characterized by
X-ray crystallography.22 Furthermore, because of the striking
similarity among ion coordination environments in G-DNAs,
K+-specific binding proteins, and sodium ionophore complexes,
the latter systems should serve as excellent models for establish-
ing a correlation between solid-state23Na NMR parameters and
ion-binding geometry. It should be pointed out that, although
the correlation between solid-state23Na NMR parameters and
molecular structure is well documented for inorganic sodium
salts,23,24 much less solid-state23Na NMR data is available for
sodium complexes with “organic” ligands.
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A considerable amount of literature can be found on solution
23Na NMR studies of sodium complexes with synthetic and
naturally occurring ionophores.25-35 In contrast, the only solid-
state23Na NMR study of Na-ionophore complexes was that
by Saitôand co-workers.36 Unfortunately, the low quality of
the experimental spectra, obtained with NMR techniques
available at the time, not only prevented these authors from
obtaining any useful23Na quadrupole parameters, but also led
to incorrect extraction of23Na chemical shifts. Clearly, a
reexamination of alkali metal ionophore complexes, using
modern solid-state NMR techniques, is in order. Also related
to the present subject is the pioneering work of Dye and co-
workers in solid-state23Na NMR studies of crystalline
sodides.37-39 In this contribution, we report a systematic solid-
state 23Na NMR study of a variety of sodium-ionophore
complexes (Scheme 1).

2. Experimental Details

Sample Preparation.All crown-ether and cryptand ligands
were purchased from Aldrich. Nonactin (from Streptomyces
tsusimaensis), Valinomycin and Monensin sodium salt were
obtained from Sigma. All sodium complexes were prepared
according to the literature procedures.40-46 Lasalocid A sodium
salt was obtained from Aldrich and recrystallized from methanol
before use.

MAS NMR. Solid-state23Na NMR spectra were obtained
under the MAS condition on a Bruker Avance-500 NMR
spectrometer operating at 132.295 MHz for23Na nuclei. A
Bruker 4-mm MAS probe was used, with sample spinning
speeds ranging between 6 and 12 kHz. Single-pulse excitation
with a pulse length of 0.8µs (approximately 30°) was used in
obtaining23Na MAS spectra. Typical recycle delay times were
5-10 s. High-power proton decoupling was applied during data
acquisition. All23Na chemical shifts were referenced to 0.1 M
NaCl (aq) by setting the signal of a solid NaCl sample toδ )
7.21 ppm.47 Spectral simulations were performed with the
WSOLIDS program (Drs. Klaus Eichele and Rod Wasylishen,
Dalhousie University).

MQMAS NMR. The pulse sequence containing two nutation
pulses and az-filter48 was used in obtaining the23Na 3QMAS
spectra: P1(φ1)-t1-P2(φ2)-τ-P3(φ3)-ACQ(t2,φ4) whereφ1 )
(0°); φ2 ) (0, 0, 60, 60, 120, 120, 180, 180, 240, 240, 300,
300°); φ3 ) (0, 180°); φ4 ) (0, 180, 180, 0°), andτ ) 20 µs.
The optimized excitation (P1) and conversion (P2) pulse widths
were 5.5 and 2.0µs, respectively. The pulse width of the

selective23Na 90° pulse (P3) was 19µs. The sample spinning
frequency was 10 kHz. A total of 240 transients were collected
for each of the 56t1 increments with a recycle delay of 10 s.
The two-dimensional (2D) data set was zero-filled to a size of
1024× 128 before 2D shear Fourier transform (FT). The States
hypercomplex data method49 was used to obtain pure-phase 2D
spectra.

3. Results and Discussion

In general, solid-state23Na NMR spectra of sodium-
ionophore complexes were obtained using MAS and high-power
proton decoupling. Under such circumstances, the observed
central-transition23Na NMR spectra exhibit typical features
arising from second-order quadrupole interaction. In most cases
only a single Na+ site is present in each of the complexes,
making it possible to analyze the 1D MAS spectra in a
straightforward way. From spectral analysis, isotropic23Na
chemical shift (δiso), quadrupole coupling constant (QCC), and
asymmetry parameter (η) can be obtained. In one case where
multiple Na+ sites were present, the MQMAS approach was
then used to resolve the different sites. The solid-state23Na
NMR parameters determined for the Na+-ionophore complexes
are summarized in Table 1, along with relevant structural data.

3.1. Chemical Shifts and Quadrupolar Coupling Con-
stants. Crown Ethers. Solid-state 23Na MAS spectra for
Na(B15C5)I‚H2O, Na(18C6)SCN‚H2O and Na(12C4)2ClO4 are
shown in Figure 1, along with the corresponding crystal
structures. The definitions for different ionophore ligands are
given in Scheme 1. The largest23Na chemical shift value
observed for the present Na+ crown-ether series is that in
Na(B15C5)I‚H2O, δ ) 13 ppm. The sodium ion in Na(B15C5)I‚
H2O is coordinated by five oxygen atoms from the benzo-15-
crown-5 molecule and one oxygen atom from the water
molecule in a pentagonal pyramid fashion.41 The Na-Oether

distances vary between 2.354 and 2.427 Å, and the sodium ion
is 0.75 Å out of the crown-ether plane toward the apical water
molecule, with a significantly shorter Na-OW distance, 2.285
Å. It is interesting to note that the Na-OW distance in
Na(B15C5)I‚H2O is very similar to the sum of individual ionic
radii for Na+ (0.95 Å) and O (1.40 Å). This strong sodium-
oxygen interaction may cause sufficient electron transfer from
the oxygen atom to the 3p orbital of the sodium ion, increasing
the paramagnetic shielding contribution to the23Na chemical
shift. Consequently, the23Na NMR signal in Na(B15C5)I‚H2O
is the most deshielded compared with other sodium complexes
in this study (vide infra). The23Na QCC found for Na(B15C5)I‚
H2O is 1.45 MHz with an asymmetry parameter of 0.50.

As seen in Figure 1B, the Na+ ion in Na(18C6)SCN‚H2O is
wrapped by the 18-crown-6 molecule, forming a distorted
pentagonal bipyramid with a water molecule as an apical
ligand.42 In this complex, the Na-OW distance is 2.321 Å, which
is slightly longer than that in Na(B15C5)I‚H2O noted previously.
The observed23Na chemical shift for Na(18C6)SCN‚H2O, δ )
1 ppm, is much smaller than that found for Na(B15C5)I‚H2O.
Meanwhile, the23Na QCC for Na(18C6)SCN‚H2O is also
smaller, at 0.95 MHz.

The 23Na chemical shift for Na(12C4)2ClO4 is at -6 ppm,
which represents a significantly shielded Na+ environment
compared with those in Na(B15C5)I‚H2O and Na(18C6)SCN‚
H2O. In the crystal lattice, Na(12C4)2ClO4 exhibits a sandwich-
like structure, with the sodium ion being coordinated by eight
ether oxygen atoms from the two 12-crown-4 molecules;40 see
Figure 1C. The eight Na-O distances are quite similar, ranging
from 2.474 to 2.534 Å. The rather symmetrical Na+ coordination

SCHEME 1
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environment in Na(12C4)2ClO4 results in a small23Na QCC,
1.10 MHz. The electric field gradient (EFG) at the Na+ site
was also found to be axially symmetric (η ) 0).

As illustrated in Figure 2, (Na-o-nitrophenolate)2(DB24C8)
contains two crystallographically equivalent sodium sites, both
of which are located inside the large dibenzo-24-crown-8 ring.44

Each of the sodium ions is coordinated with a total of six oxygen
atoms. Twoo-nitrophenolate ions bridge the two Na+ ions from
either side of the crown ring through nitro and phenolate groups.
The Na-Oetherdistances range from 2.468 to 2.615 Å, whereas
the nitro oxygen and the negatively charged phenolate oxygen

are at 2.399 and 2.296 Å from the Na+ ion, respectively. The
23Na chemical shift is-4 ppm. The ion-ion interaction between
the two Na+ ions separated by 3.383 Å appears to have
negligible effects on the23Na chemical shift. A relatively large
23Na QCC, 2.65 MHz, is observed for (Na-o-nitrophenolate)2-
(DB24C8), which apparently results from a very distorted Na+

coordination environment. The23Na NMR spectrum of this
complex, shown in Figure 2, clearly indicates thatη ) 0.
However, the reason that the EFG at the Na+ site in this complex
has an axial symmetry is not obvious.

The 23Na MAS spectrum of Na(DB18C6)Br‚2H2O (shown
in Figure 3D) exhibits some complex features that suggesting
the presence of multiple Na+ sites. The crystal structure of
Na(DB18C6)Br‚2H2O indicates that two Na+ sites with different
coordination environments exist.43 Each of the two Na+ sites
can be described as being at the center of a hexagonal bipyramid.
However, one sodium site (NaA) is coordinated by two water
molecules as axial ligands, whereas the other sodium site (NaB)
has one water molecule and one bromide ion as axial ligands.
The two independent complex molecules are linked by a

TABLE 1: Summary of Solid-State 23Na NMR Parameters, Structural Parameters, and Average Bond Valence Parameters (A)
for the Sodium Complexes with Crown Ethers, Cryptands, and Natural Ionophores

complex
QCC

(MHz) η
δiso

(ppm)
average
rNa-O (Å)

range
rNa-O (Å)

Na+

coordination Aa
structure

ref

Crown Ethers
Na(12C4)2ClO4 1.10 0.00 -6 2.493 2.474-2.534 8O 0.1203 40
Na(B15C5)I‚H2O 1.45 0.50 13 2.370 2.285-2.427 6O 0.1371 41
Na(18C6)SCN‚H2O 0.95 1.00 1 2.516 2.321-2.623 7O 0.1140 42
Na(DB18C6)Br‚2H2O

Site A 1.70 0.32 -13 2.60 2.27-2.82 8O 0.1077 43
Site B 3.35 0.15 -3 2.69 2.35-2.89 7O, 1Br 43

(Na-o-nitrophenolate)2(DB24C8) 2.65 0.00 -4 2.439 2.296-2.615 6O 0.1137 44

Cryptands
Na(C22)SCN 1.60 1.00 -1 4O, 3N 50b

Na(C221)SCN -3c 2.481 2.451-2.519 5O, 2N 0.1263 45
Na(C222)I 0.95 0.00 -9 2.574 2.566-2.582 6O, 2N 0.1159 46
Na(C222)SCN 0.94 0.50 -12 6O, 2N
Na(C222)Na- 1.268 0.00 -7d 2.57 6O, 2N 0.1185 51

Natural Ionophores
Na(lasalocid A)MeOH 1.40 1.00 -1 5O 53
Na(monensin)Br 1.65 0.75 -4 2.424 2.349-2.503 6O 0.1224 52
Na(valinomycin)SCN 3.15 0.60 2 6O 54c

Na(nonactin)SCN 0.58 1.00 -16 2.593 2.395-2.791 8O 0.1017 56

a A is defined in eq 2.b Based on corresponding potassium complexes.c From ref 55.d From ref 39.

Figure 1. Experimental (lower trace) and calculated (upper trace)23Na
MAS NMR spectra of (A) Na(B15C5)I‚H2O, (B) Na(18C6)SCN‚H2O,
and (C) Na(12C4)2ClO4 at 11.75 T. The corresponding crystal structures
are shown in the insets.

Figure 2. Experimental (lower trace) and calculated (upper trace)23Na
MAS NMR spectra of (Na-o-nitrophenolate)2(DB24C8) at 11.75 T. The
corresponding crystal structure is shown in the inset.
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bromide ion in the following fashion:

where the OW-bromide distances are 3.29 and 3.27 Å and the
OW-Br--OW angle is 113°.43 Because of the presence of two
Na+ sites in Na(DB18C6)Br‚2H2O, analysis of the23Na MAS
spectrum was not straightforward. In fact, we found two sets
of parameters that can reproduce the experimental23Na MAS
spectrum equally well. To resolve this ambiguity, we obtained
a two-dimensional (2D) MQMAS spectrum for Na(DB18C6)-
Br‚2H2O. As shown in Figure 4, the 2D MQMAS spectrum
clearly indicates the presence of two different sodium sites. From
the twoF1 slice spectra, it is a straightforward task to extract
23Na NMR parameters for the two sites: NaA, δ ) -13 ppm,
QCC ) 1.70 MHz, andη ) 0.32; NaB, δ ) -3 ppm, QCC)
3.35 MHz, andη ) 0.15. We tentatively assign NaA to be the
sodium site bound to two axial water molecules, because this
site is clearly more “symmetrical” than the other sodium site
for which one water and one negatively charged bromide ion

serve as axial ligands. It is also noted that, because of the strong
ion-ion interaction between Na+ and Br- (2.82 Å), the NaB
ion is out of the 18-crown-6 plane by 0.27 Å toward the bromide
ion. In contrast, NaA is only 0.07 Å out of the 18-crown-6 plane.
Another piece of evidence supporting our assignment is that,
although the sodium-oxygen distances around NaB vary
between 2.54 and 2.89 Å, the sodium-oxygen distances for
NaA are within a much smaller range, 2.63-2.82 Å. Therefore,
NaA is expected to exhibit a smaller QCC. It is also interesting
to note from the 2D23Na MQMAS spectrum that the peak
arising from NaB exhibits a larger line width in the isotropicF1

dimension. This additional broadening presumably is due to the
residual dipolar coupling to a neighboring quadrupolar nucleus,
79/81Br (I ) 3/2).57-59

Cryptands.Figure 5 shows23Na MAS spectra for two typical
sodium-cryptand complexes. The23Na chemical shift for
Na(C22)SCN is found to be-1 ppm, and the23Na QCC is
1.60 MHz. No structural data are available for Na(C22)SCN;
however, this Na+ complex may have a structure similar to that
of K(C22)SCN. It is known that K(C22)SCN has a hexagonal
pyramid structure, wherein the K+ ion is coordinated with four
oxygen and two nitrogen atoms from the cryptand molecule.50

In addition, the SCN- ion serves as an apical ligand. Because
the ionic radius of Na+ (0.95 Å) is much smaller than that of
K+ (1.33 Å), the Na+ ion may experience a more distorted
hexagonal pyramid environment in a cavity of 5.84 Å than does
K+ in K(C22)SCN. This may explain the observation of a
relatively large23Na QCC for Na(C22)SCN.

As seen in Figure 5B, the23Na NMR signal of Na(C222)I,
δiso ) -9 ppm, is more shielded than that of Na(C22)SCN.
The 23Na QCC for Na(C222)I, 0.95 MHz, is also smaller than
that in Na(C22)SCN. Na(C222)I crystallizes in the hexagonal
system with space groupP31c.46 The Na+ ion is trapped inside
the C222 cage with a Na-O distance range of 2.566-2.582 Å.
The two Na+-N distances are 2.722 and 2.782 Å. The
crystallographic symmetry at the Na+ ion is C3. Therefore, the
observation thatη ) 0 for Na(C222)I is in agreement with the

Figure 3. Calculated (A, B, C) and experimental (D)23Na MAS spectra
of Na(DB18C6)Br‚2H2O at 11.75 T.

Figure 4. Two-dimensional 23Na MQMAS NMR spectrum of
Na(DB18C6)Br‚2H2O at 11.75 T.F2 corresponds to the normal MAS
dimension, whereasF1 is the isotropic dimension.

H2O-NaA-H2O ‚‚‚ Br-‚‚‚H2O-NaB-Br-

Figure 5. Experimental (lower trace) and calculated (upper trace)23Na
MAS NMR spectra of (A) Na(C22)SCN and (B) Na(C222)I at 11.75
T. The crystal structure of Na(C222)I is shown in the inset. In (A), the
asterisk indicates the presence of a small amount of NaSCN.
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crystal data. Similar to Na(C222)I, the23Na NMR spectrum of
Na(C222)SCN (spectrum not shown) exhibitsδiso ) -12 ppm.
No crystal parameters are available in the literature for
Na(C222)SCN. However, on the basis of the similarity between
the 23Na NMR parameters for Na(C222)SCN and Na(C222)I,
we can conclude that the two compounds must have similar
structures, except that the former complex does not possess a
3-fold site symmetry as suggested by its nonaxially symmetric
EFG (η ) 0.5). Some time ago, Kim and Dye39 reported a
single-crystal23Na NMR study of Na(C222)Na-. They found
δ ) -7 ppm and QCC) 1.268 MHz withη ) 0. The crystal
structure of Na(C222)Na- indicates that the sodium ion is well-
caged inside the cryptand cavity and well-separated from the
counterion.51 It is interesting to note that both23Na QCCs and
chemical shifts for Na(C222)I and Na(C222)SCN are compa-
rable to the values found in Na(C222)Na-. This similarity
suggests that the anion has little effect on the chemical
environment at the Na+ site in Na(C222)X complexes.

Naturally Occurring Antibiotic Ionophores.The above dis-
cussions have focused on sodium complexes with relatively
simple crown-ether and cryptand ligands. Now we examine
several sodium complexes with more complex ligands. In
particular, we will study sodium complexes with four naturally
occurring antibiotic ionophores: lasalocid A, monensin, valino-
mycin, and nonactin. Solid-state23Na MAS spectra of these
complexes are shown in Figure 6. The23Na MAS spectrum of
the Na+-nonactin complex (Figure 6A) exhibits a sharp peak
from which the following23Na quadrupole parameters were
determined: QCC) 0.58 MHz andη ) 1.0. The23Na chemical
shift found for the Na+-nonactin complex,-16 ppm, is the
most shielded value observed for the Na+-ionophore com-

plexes. Saitoˆ and Tabeta55 also reported a similar23Na chemical
shift value for Na+-nonactin in chloroform solution,-12 ppm.
The observation of a remarkably shielded Na+ ion is certainly
related to the Na+ coordination environment in the Na+-
nonactin complex. The Na+ ion is at the center of an ap-
proximate cube whose eight corners are four ether- and four
carbonyl-oxygen atoms.56 The average Na-O distance, 2.593
Å, is relatively long compared with the corresponding values
found in other Na+ complexes. It is interesting to note that the
Na+ ion in Na(12C4)2ClO4 is at the center of a similar cube.
However, the23Na chemical shift observed for Na(12C4)2ClO4,
-6 ppm, is quite different from that for Na(nonactin)SCN,-16
ppm. This discrepancy must arise from the different nature of
the oxy ligands and the different ion-binding geometry present
in the two complexes (vide infra). Na(lasalocid A)‚MeOH
crystallizes in the orthorhombic system with space group
P212121.53 The Na+ ion is coordinated by six oxygen atoms:
two ethers, one carbonyl and three hydroxyl groups. The
methanol molecule plays the role of capping the Na+ ion. The
23Na chemical shift and QCC for Na(lasalocid A)‚MeOH are
-1 ppm and 1.40 MHz, respectively. As seen in Figure 6B,
the 23Na MAS NMR spectrum of Na(lasalocid A)‚MeOH also
exhibitsη ) 1.0. For the Na-monensin complex, the Na+ ion
is coordinated by four ether oxygen atoms and two hydroxyl
groups forming a distorted octahedron.52 There is no distinct
difference between the Na-Oether and Na-Ohydroxyl distances.
From the spectrum shown in Figure 6C, the23Na chemical shift
and QCC were determined to be-4 ppm and 1.65 MHz,
respectively. These parameters are quite similar to those found
in Na(lasalocid A)‚MeOH. As seen in Figure 6D, the Na-
(valinomycin)SCN complex exhibits the largest23Na QCC in
the series, 3.15 MHz, whereas the23Na chemical shift is+2
ppm. No crystal parameters are available in the literature for
this sodium complex. However, the crystal structure of K(vali-
nomycin)SCN is known54 where the K+ ion is coordinated by
six carbonyl oxygen atoms from the ester groups in a nearly
regular octahedral structure. However, the large23Na QCC
observed in Na(valinomycin)SCN suggests considerable distor-
tion at the Na+ site, which may arise from the smaller ionic
radius of Na+ or/and from neighboring hydrogen bonding
between the amide N-H and the ester CdO groups. The large
23Na QCC in the Na+-valinomycin complex is consistent with
the results from previous solution23Na NMR studies.25,55Clearly
because of the large chemical and structural variations among
the four naturally occurring antibiotic ionophores, a large23Na
QCC range was observed for these complexes, 0.58-3.15 MHz.

Chemical-Shift Anisotropy.Because of the small chemical-
shift range of23Na nuclei, only two reports have appeared in
the literature concerning the determination of23Na chemical-
shift anisotropy (CSA) in inorganic Na+ salts.60 It is also of
interest to examine23Na CSA in Na+-ionophore com-
plexes. Because the23Na EFG tensor is axially symmetric in
Na(12C4)2ClO4 (η ) 0), this compound is an ideal system for
demonstrating the determination of23Na CSA. The stationary
23Na NMR spectrum of Na(12C4)2ClO4 is shown in Figure 7.
Because the23Na quadrupole parameters have been determined
from analysis of the23Na MAS spectra, the only adjustable
parameters in the analysis of the stationary23Na NMR spectrum
are the chemical-shift tensor components. Analysis yields the
following parameters:δ11 ) δ22 ) -1 ppm andδ33 ) -15
ppm. As seen from Figure 7, the span of this23Na chemical-
shift tensor contributes approximately 1.8 kHz (at 11.75 T) to
the total line width (3.2 kHz) of the stationary NMR spectrum
of Na(12C4)2ClO4. Our observation also follows the same trend

Figure 6. Experimental (lower trace) and calculated (upper trace)23Na
MAS NMR spectra of (A) Na(nonactin)SCN, (B) Na(lasalocid A)‚
MeOH, (C) Na(monesin)Br, and (D) Na(valinomycin)SCN at 11.75
T.
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as in inorganic salts,60 that the unique23Na chemical-shift tensor
component corresponds to the direction with the largest shield-
ing. Because the absolute23Na shielding scale has been
established,61 it might be possible to use the reported tensor
components for Na(12C4)2ClO4 as a test for the quality of
modern ab initio23Na chemical-shielding calculations.

3.2. Interpretation of the 23Na Chemical Shifts.A consid-
erably large amount of literature exists concerning NMR
chemical shifts of alkali metal nuclei both in the liquid
phase28-35 and in the solid state.22,23,35In addition, theoretical
work on alkali metal chemical shifts in metal halides can also
be traced back to the early years of NMR.62-65 However, it is
noteworthy that previous solid-state23Na NMR studies have
focused only on inorganic systems. In this section, we will
discuss the interpretation of the observed23Na chemical shifts
for Na+-ionophore complexes.

Numerous23Na NMR studies have established a general trend
in 23Na chemical shifts: the23Na chemical shift decreases with
increasing correlation number (CN) and increasing Na-O
distance.22,23,32-34 In a recent study, Tossell66 performed gauge-
invariant atomic orbital (GIAO)23Na shielding calculations for
[Na(H2O)n]+ clusters wheren ) 0, 2, 4, 5, 6, and 8. The
theoretical result indicated that the23Na chemical shift is
decreased by 5 ppm/water asn increases from 4 to 8. It would
be of great interest to examine the possibility of carrying out
ab initio 23Na shielding calculations for Na-ionophore com-
plexes. Unfortunately, our current computation resource does
not permit us to perform ab initio23Na shielding calculations
for the large molecular systems studied here. Therefore, at this
stage we attempted only to find an empirical structural parameter
that may be related to23Na chemical shifts.

To improve the general correlation between the23Na chemical
shift and structural data, it is necessary to take into account the
different electronic environment for different ligands. For
example, a nitrogen ligand will certainly have a different effect
on the 23Na chemical shift compared to an oxygen ligand.
Recently, Koller et al.24 found a correlation between the23Na
chemical shift and an empirical bond valence parameter for
inorganic sodium salts. However, using the same parameter,
we found no clear correlation with the data shown in Table 1.
For this reason we use a slightly different approach. We assume

that the specific contribution from a donor atom (either oxygen
or nitrogen in the present case) to the23Na chemical shift is
related to the atomic valence (Wi) of the donor atom in the
absence of the interaction with the Na+ ion. For a particular
functional group,Wi can be calculated from a sum of all bond
valences (sij):

wherero is an empirical parameter and can be found in ref 67,
and rij is the bond distance between atomsj and i. The only
difference inWi calculations between our approach and that of
Koller et al.24 is that we exclude the Na-donor bond. For
sodium-ionophore complexes, the Na+ ions are generally
coordinated by oxygen atoms from ether, carbonyl, nitro, and
hydroxyl groups as well as by nitrogen atoms in the case of
cryptands.Wi allows one to differentiate contributions from
different functional groups. The order of the average oxygen
atomic valence,Wi, for the functional groups encountered in
this study is as follows: ether (1.849)> hydroxyl (1.723)>
carbonyl (1.717)> water (1.620)> nitro (1.480)> carbonate
(1.364). As mentioned before, because the23Na chemical shift
also depends on Na-donor distances within the first-coordination
sphere and CN, we define an average bond valence parameter,
A, as

where ri is the distance between the Na+ ion and the donor
atom withWi. It should be noted that the inverse dependence
of theA parameter on CN was not considered by Koller et al.24

The recent theoretical study of Tossell66 on [Na(H2O)n]+ clusters
clearly suggested that both Na-ligand distance and CN are
important.

Figure 8 shows the correlation between the experimental23Na
chemical shifts and the average bond valence parameters,A,
for the Na complexes studied here. Clearly the23Na chemical
shift increases with the value ofA. For example, the combination
of short Na-O distances, 2.285-2.427 Å, around the Na+ ion
in Na(B15C5)I‚H2O and a small CN, 5, gives rise to a largeA
value, and, consequently, the complex exhibits the most positive
chemical shift, 13 ppm. On the other hand, although the two

Figure 7. Calculated (A, B, C) and experimental (D)23Na NMR spectra
of a stationary powder sample of Na(12C4)2ClO4 at 11.75 T.

Figure 8. Correlation between the experimental23Na chemical shift
andA for sodium-oxygen (closed circles) and sodium-oxygen/nitrogen
(open squares) complexes.

Wi ) Σ sij ) Σ exp[(ro-rij)/0.37] (1)

A ) ∑Wiri
-3

CN
(2)
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Na-OW distances for the NaA site in Na(DB18C6)Br‚2H2O are
quite short, 2.27 and 2.31 Å, the relatively long Na-Oether

distances, 2.64-2.82 Å, coupled with a large CN, lead to a small
A value, which explains the observation of a very negative
chemical shift,-13 ppm. As mentioned earlier, the Na+ ions
in Na(12C4)2ClO4 and Na(nonactin)SCN both are coordinated
by eight oxygen atoms. However, the23Na chemical shift of
Na(12C4)2ClO4 is -6 ppm, which is considerably deshielded
compared with that of Na(nonactin)SCN,-16 ppm. This
discrepancy can be understood on the basis of the average bond
valence parameter,A. First, four of the eight oxygen ligands in
the Na-nonactin complex are carbonyls, which have smaller
Wi than ether groups. Second, the Na-Oether distances in the
Na-nonactin complex, 2.744-2.791 Å, are much larger than
the values of 2.474-2.534 Å found in the Na-12C2 complex.
As seen from eq 2, the combination of these two factors results
in a much smallerA parameter for Na(nonactin)SCN than for
Na(12C4)2ClO4. As is also seen from Figure 8, the Na-cryptand
complexes exhibit the same trend but with a slightly different
offset. Nevertheless, our observation is also consistent with the
results from a previous solution23Na NMR study of cryptands.26

Similar chemical-shift dependencies have also been observed
for 39K, 87Rb, and133Cs.68,69 Early solution NMR studies70,71

also suggested a correlation between the Gutmann donor
number72 of the solvent and23Na chemical shifts.

The general trend observed in Figure 8 can also be rational-
ized in a qualitative fashion with chemical-shielding theory.
According to Ramsey’s formula,73 the origin of23Na chemical
shielding can be written as a sum of diamagnetic and paramag-
netic contributions. The diamagnetic shielding term arises from
the induced motion of a spherically symmetric electron cloud
at the nucleus of interest, whereas the paramagnetic shielding
is caused by mixing of the electronic ground state with excited
states by a strong external magnetic field. Usually the para-
magnetic shielding term is responsible for variations of chemical
shifts observed in different chemical compounds. To a very
crude approximation, the paramagnetic shielding term,σP, can
be written as74-76

where∆E is the average energy gap between the ground state
and excited states of the molecule,〈1/r3〉 is the average distance
between electrons and the nucleus of interest, andFe is the
relative electron densities of the various p orbitals involved in
bonding. For the23Na chemical shift, it is most likely that the
paramagnetic shielding from interactions of electron donors and
the empty p orbitals of the Na+ ion is a dominant contributor.
Therefore, it is reasonable that the average bond valence
parameter,A (defined in eq 2), containsWi and 1/r3. It is also
noted that the explicit dependence on CN is not obvious from
the chemical-shielding theory. However, it is a common
observation that the average Na-donor distance increases with

CN. Perhaps the inverse dependence ofA on CN is caused by
an indirect effect of CN on the Na-donor separation. The23Na
chemical shift of-3 ppm for NaB in Na(DB18C6)Br‚2H2O
deviates significantly from the plot shown in Figure 8. This
difference apparently results from the uniquely strong ionic
interaction between the Na+ cation and the Br- anion. The
separation between the Na+ and Br- ions is 2.82 Å, which is
considerably shorter than the sum of the ionic radii of the two
ions, 2.93 Å.

3.3. Comparison between Solution and Solid-State23Na
NMR Parameters. As mentioned earlier, one of the major
problems of solution23Na NMR arises from the complexity of
dynamic processes occurring in solution. Traditionally,23Na
QCCs can be deduced from solution NMR relaxation studies.
The drawback of such an approach is twofold. First, one needs
to determine the rotational correlation time of the molecular
complex. Second, any exchange process often complicates the
relaxation data analysis. Now because we have obtained a set
of accurate23Na NMR parameters for Na+ sites with well-
defined coordination environments, it will be interesting to
compare our solid-state23Na NMR data with those obtained
from previous solution NMR studies. A similar attempt was
made previously by Saitoˆ and Tabeta.55 Unfortunately, these
authors used incorrect solid-state23Na NMR data.

Solution and solid-state23Na NMR parameters for several
Na-ionophore complexes are summarized in Table 2. In the
discussion that follows, we use a combined quadrupole param-
eter,PQ, defined by eq 4. We use this parameter because solution
NMR relaxation studies are incapable of providing QCC andη
separately.

One of the interesting observations illustrated in Figure 9 is
that, although the quadrupole parameters obtained from CDCl3

solutions show a nice correlation with the solid-state data, no
correlation exists between MeOH solution data and solid-state
data. This observation is in agreement with the previous
knowledge that the Na+ cation-exchange process is much slower
in CDCl3 than in MeOH.55 The observed correlation strongly
supports the idea that, on the NMR time scale, the Na+ ion-
coordination environment for Na-ionophore complexes is very
similar in a hydrophobic solvent (CDCl3) to that in the crystal
lattice. As seen from Figure 9, the plot has a slope of 1.41. The
higher23Na QCC values found in CDCl3 may be attributed to
uncertainties arising either from measurement or from a mo-
lecular dynamic effect. Nevertheless, the drastically different
23Na QCC values in CDCl3 and MeOH clearly illustrate the
different solution behaviors of Na-ionophore complexes in
hydrophobic and hydrophilic solvents. Interestingly, Na(C222)I,
Na(monensin)Br, and Na(nonactin)SCN exhibit very similar
23Na QCCs in both solvents and in the solid state.

TABLE 2: Comparison between Solutiona and Solid-Stateb 23Na NMR Parameters for Sodium Ionophore Complexes

CDCl3 solution MeOH solution solid state

complex δ/ppm PQ/MHzc δ/ppm PQ/MHz δ/ppm PQ/MHz

Na(18C6)SCN‚H2O -10.9 1.9 -10.3 2.4 1 1.10
Na(C22)SCN -5.0 3.3 -3.0 1.2 -1 1.84
Na(C222)I -12.2 1.4 -10.3 1 -11 0.98
Na(lasalocid A)MeOH -6.2 2.2 -4.0 0.94 -1 1.61
Na(monensin)Br -12.4 2 -0.7 1.7 -4 1.80
Na(valinomycin)SCN -7.7 4.7 -2.6 0.86 2 3.33
Na(nonactin)SCN -12.1 0.82 -6.3 0.75 -16 0.67

a From ref 55.b This work. c PQ is defined in eq 4.

σP ∝ -(1/∆E)〈1/r3〉Fe (3)

PQ ) QCC× x1 + η2

3
(4)
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Inspection of the23Na chemical shifts shown in Table 2 also
reveals some interesting trends. As shown in Figure 10, the23Na
chemical shifts obtained from CDCl3 solution are consistently
smaller than the solid-state values, except for the Na-nonactin
complex. This observation is opposite to the conclusion of Saitoˆ
and Tabeta.55 The discrepancy arises from their incorrect
interpretation of23Na chemical shifts from solid-state NMR
spectra. However, using the same explanation as proposed by
Saitôand Tabeta,55 we may speculate that the conformation of
Na-ionophore complexes expands slightly in CDCl3 solution
compared to that in the crystal lattice. Once again, the Na-
C222 complex exhibits essentially identical chemical shifts in
solution and in the solid state, indicating that there is very little
conformation change in solution for this sodium complex. This
is certainly understandable from its cage like structure. In
contrast, the Na-18C6 complex exhibits the largest chemical-
shift discrepancy between solution data and solid-state values,
suggesting that the flat structure of the 18C6 molecule renders
cation exchange more likely to occur. In MeOH solution, no
clear correlation exists between solution chemical shifts and
solid-state data. The rapid exchange processes in MeOH made
it difficult to interpret the observed23Na chemical shifts.

Finally, we address the issue of sensitivity concerning solid-
state 23Na NMR experiments, especially the new MQMAS
approach, in the study of large biomolecular systems. The largest

molecular system presented in this contribution is the sodium
complex of valinomycin, a cyclic dodecadepsipeptide with a
molecular weight of approximately 1.2 kDa. Because this
complex also exhibits the largest23Na QCC, it is reasonable to
use it as a benchmark for predicting the feasibility of solid-
state23Na NMR for even larger biomolecular systems. For a
sample of approximately 10 mg Na(valinomycin)SCN, we found
that it takes only a few minutes to record a23Na MAS NMR
spectrum (at 11.75 T) with a reasonable signal-to-noise (S/N)
ratio. With a relatively high B1 field (100 kHz), the triple-
quantum (3Q) excitation and 3Q-to-1Q conversion can be
achieved with reasonably high efficiencies. Therefore, it can
be concluded that, with modern high-field spectrometers
(g11.75 T), two-dimensional MQMAS-based23Na NMR tech-
niques will be applicable to biomolecular systems with 100 kDa.

4. Conclusions

We have reported a systematic solid-state23Na NMR study
of sodium complexes with synthetic and naturally occurring
ionophores. Attempts have been made to relate the23Na
chemical shifts to structural data. In contrast to the traditional
solution23Na NMR techniques, the advantage of solid-state23Na
NMR lies on its capability of providing direct and precise
information about the Na+ binding sites. We have also
demonstrated the utility of 2D MQMAS23Na NMR in studying

Figure 9. Solution versus solid-state23Na quadrupole parameters.
Figure 10. Solution versus solid-state23Na chemical shifts. The
diagonal lines are shown for easy comparison.
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Na-ionophore complexes. The experimental data presented in
this contribution provide useful benchmark NMR parameters
for different Na+ binding sites. Our results will be useful in
interpreting solid-state23Na NMR parameters (chemical shift
and QCC) from other related systems. Although it is common
knowledge that the relative sensitivity of23Na NMR is high,
the information from traditional solution23Na NMR studies of
biological systems is always very limited, largely because of
the small23Na chemical-shift range and the dynamic nature of
solution samples. In light of the present results, we anticipate
that solid-state23Na NMR at high fields will become increas-
ingly important in the study of Na+ binding to biological
macromolecules. The benefit of very high magnetic fields is to
increase both the23Na chemical shift dispersion and the overall
sensitivity of multidimensional NMR experiments.
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