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Two-dimensional double quantum (DQ)1H MAS NMR was used to investigate different proton environments
in a series of alkali (Na, K, Rb, Cs) [Nb6O19]8- Lindqvist salts, with the water and hydrogen-bound intercluster
protons being clearly resolved. Through the analysis of the DQ1H NMR spinning sideband pattern, it is
possible to extract both the mean and distribution of the motionally averaged intramolecular homonuclear
1H-1H dipolar coupling for the different water environments and the intercluster protons. Motional order
parameters for the water environments were then calculated from the averaged dipolar couplings. The influence
of additional intermolecular dipolar couplings due to multispin interactions were simulated and discussed.

Introduction

Water plays an important role in both the structure and
properties of materials,1-4 including the continued interest in
confinement effects within small pores or at interfaces.5-9

Therefore, a variety of experimental techniques, including
neutron scattering,7,10-12 dielectric spectroscopy,13 surface force
balance measurements,6 and NMR spectroscopy,7,10,14-16 have
been used to probe the structural and dynamical properties of
water in materials. The most common NMR method for studying
water dynamics in materials has been line shape and relaxation
studies involving static2H NMR.17-24 These2H studies require
synthesis of materials with D2O or the exchange of existing
waters, with both approaches almost never being trivial.
Chemical shift resolution of different water environments is
commonly difficult because of the wide2H spectral line shape,
but different motional environments are often distinguished.
Static1H NMR studies have also been reported25-30 but again
are often limited in the ability to resolve different water species.
Magic angle spinning (MAS)1H, 2H, and17O NMR investiga-
tions of water are also possible and allow different chemical
shift environments to be resolved.18,31-36 In the case of1H MAS
NMR, the spinning speed needs to be faster than the residual
1H-1H dipolar line width for complete chemical shift resolu-
tion,37,38 which for dynamically restricted water molecules is
on the order of 40 kHz.

In this paper, the dynamics of water environments in a series
of polyoxoniobate alkali salts is investigated using 2D double
quantum (DQ)1H MAS NMR. This method combines the
chemical shift resolution afforded by high-speed MAS, with
the ability to measure residual dipolar couplings and corre-
sponding water order parameters by analysis of the DQ line
shape, without the need to utilize isotopic substitution.

Experimental Section

The synthesis of Na7[HNb6O19]‚15H2O (I ), K7[HNb6O19]‚
10H2O (II ), Rb6(H3O)2[Nb6O19]‚17H2O (III ), and Cs6[H2-

Nb6O19]‚9H2O (IV ) is given in the Supporting Information and
has been described in detail previously.39 The solid-state1H
MAS NMR spectra were obtained on a Bruker Avance 600
operating at 600.14 MHz, using a 2.5 mm broadband probe at
spinning speeds (νR) between 30 and 33 kHz. The1H chemical
shifts were referenced to the solid external secondary sample
adamantane (δ ) +1.63 ppm with respect to TMSδ ) 0.0
ppm). It is known that for spinning speeds>25 kHz significant
frictional heating occurs. The actual sample temperature was
calibrated using the207Pb chemical shift change of a secondary
Pb(NO3)2 sample.40,41All temperatures reported are the corrected
sample temperature based on this calibration. The 2D DQ1H
MAS spinning sideband experiments utilized the chemical shift
anisotropy (CSA) and off-set compensated back-to-back (BABA)
multiple pulse sequence for the excitation and reconversion of
the multiple quantum coherences as shown in Figure 1a.42 For
the DQ sideband experiments, the 0f (2 f 0 f 1 coherence
pathway was selected using a 64-step phase cycle, 200-400
nonrotor synchronizedt1 increments, a 3µs π/2 pulse length,
and 8-64 scan averages. Typical conditions include a spectral
width of 500 kHz (N ) 2) or 1 MHz (N ) 4) for the F1

dimension and 60 kHz for theF2 dimension, whereN is the
number of rotor periods. Phase-sensitive detection in theF1

dimension was obtained using the States-TPPI method.43 The
excitation/reconversion lengths used to obtain the DQ sidebands
are dependent on the spinning speed used but forνR ) 33 kHz,
τexe) 60.6µs (N ) 2), and 121.2µs (N ) 4). The DQ sideband
patterns were obtained by taking theF1 slice along the1H
chemical shift of interest. TheseF1 slices were analyzed for
determination of the effective dipolar coupling. The 2D dipolar
filtered DQ 1H MAS NMR spinning sideband experiment was
performed by inserting a 12-pulse dipolar filter immediately in
front of the standard DQ experiment as shown in Figure 1b.
This dipolar filter selects the DQ sidebands of those1H
populations that have longerT2 values (are more mobile). The
phase cycling and timing of the dipolar filter experiment has
been detailed elsewhere.44

Theoretical Methods. The dipolar coupling (Dij) between
protonsi and j separated by a distancerij is given by
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whereµ0 is the vacuum permeability andγi,j are the magnetic
ratios of the interacting protons. For an isolated spin-1/2 pair,
the signal intensity of the DQ sidebands (IDQ) is described by42,45

whereDeff
ij is the effective dipolar coupling between protonsi

and j, ∆ωPC is the frequency increment for States-TPPI,t1 is
the DQ evolution time increment,ωR() 2πνR) is the spinning
frequency,N is the number of rotor periods in the excitation/
reconversion portion of the BABA sequence,τR() νR

-1) is the
rotor period,âij and γij are the Euler angles describing the
orientation of the principal axis of the dipolar coupling tensor
between spinsi and j within the reference frame fixed to the
rotor, and the symbol〈 〉 represents the Euler angle powder
average. If a distribution of effective dipolar couplings is present,
then the observed DQ signal intensity can be described by46

whereFl is the probability of a given effective dipolar coupling
Deff

ij (l). We have made the simplifying assumption that no
correlations exist betweenDeff

ij (l) and the Euler anglesâij,γij.
For the analysis in this paper, a Gaussian probability distribution
of the effective dipolar couplings is assumed with mean effective
dipolar coupling, Dh eff

ij , and a standard deviation,σ, defined by

The distribution width,σ, used in eq 4 utilizes a more standard
Gaussian distribution definition and differs from that reported
previously in ref 49. The full width at half-maximum of the
distribution is given by 2x2ln2σ ≈ 2.35σ, with the σ values
differing by a scaling factor ofx2 from those σ values
obtained using the definition in ref 49. Simulation of the DQ
sidebands were performed in MATLAB (Mathworks, Inc.) using
eqs 3 and 4, with the powder average overâ andγ implemented
using the Grant tiling scheme.47

The multispin DQ1H MAS NMR spinning sideband patterns
were simulated using the SIMPSON program48 on a eight-node
AMD Linux cluster. All simulations used a 30 kHz spinning
speed, along with a 3µs π/2 pulse length to explicitly evaluate
the impact of finite pulse widths on the DQ sideband pattern.
The two-spin calculations using SIMPSON resulted in DQ
sideband patterns that were nearly identical to those obtained
using the analytical solution in eq 2. A series of three-spin, four-
spin, and five-spin simulations were performed and are presented

in both the discussion section and the Supporting Information.
DQ simulation involving six spins or higher proved too time
intensive using our present computational resources.

Results

The 1D1H MAS NMR spectra at 54.5°C for the Na, K, Rb,
and Cs salts (compoundsI-IV ) of the [Nb6O19]8- Lindqvist
anion are shown in Figure 2. ForI (Na compound) two proton
signals are observed (Figure 2a): a broad resonance atδ )
+6.3 ppm (fwhm) 3160 Hz) and a smaller narrow resonance
at δ ) +1.9 ppm (fwhm) 700 Hz). Similarly, for II (K
compound) a broad resonance atδ ) +6.5 ppm (fwhm) 2710
Hz) and a smaller narrow resonance atδ ) +1.5 ppm (fwhm
) 400 Hz) was also observed (Figure 2b). ForIII (Rb
compound), two major broad resonances were observed atδ )
+6.4 ppm (fwhm) 1720 Hz) and atδ ) +10.3 ppm (fwhm)
1430), along with minor resonances atδ ) +2.0,+13.3,+14.2,
and +16.5 ppm (Figure 2c). ForIV (Cs compound), broad
resonances were observed atδ ) +5.6 (fwhm) 1380 Hz) and
at δ ) +8.9 ppm (fwhm) 715 Hz), along with the narrow
minor resonance atδ ) +1.5 ppm.

The 2D DQ 1H MAS NMR spectrum forIV is shown in
Figure 3. On top of the 2D spectra is the single quantum (SQ)
projection, and on the right are the individual DQ spectra for
different select1H chemical shifts (shown as dashed vertical
color lines in the 2D spectrum). TheseF1 dimension DQ NMR
spectra clearly show spinning sideband patterns and are used
in the analysis of effective dipolar couplings (Deff

ij ) presented
below. Figure 3a (blue) shows the DQ sideband pattern for the
δ ) +8.9 ppm slice, Figure 3b (red) shows the DQ sideband
pattern for theδ ) +5.6 ppm slice, and Figure 3c (green) shows
the DQ sideband pattern for theδ ) +1.5 ppm slice. The odd-
numbered spinning sidebands in these DQ spectra are labeled.
The * in the DQ sideband spectra denote sidebands arising from
adjacent overlapping chemical shifts. This type of 2D DQ1H
MAS NMR spectrum and corresponding DQ sideband patterns
are representative of the experimental DQ NMR spectra obtained
for compoundsI-III (data not shown).

The experimental (black) and simulated (red) DQ1H NMR
sideband patterns for the different proton resonances in com-
poundsI - IV are shown in Figure 4. The sideband patterns
for the water resonance in the Na (I ) Lindqvist salt are shown

Figure 1. (a) 2D nonrotor synchronized DQ1H MAS NMR correlation
pulse sequence and (b) the dipolar-filtered DQ1H MAS NMR pulse
sequence.
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in 4a and b, usingN ) 2 andN ) 4 rotor cycle excitation/
reconversion periods, while 4c (N )2) and 4d (N ) 4) show
the DQ sideband pattern for the water resonance in the K (II )
salt. The DQ sideband patterns for the Rb compound (III ) water
resonance atδ ) +6.4 ppm are shown in 4e (N ) 2) and 4f (N
) 4), with the sideband patterns for the water resonance atδ )
+10.3 ppm being shown in 4g (N ) 2) and 4h (N ) 4).
Similarly, the DQ sideband patterns (N ) 2 and 4) for theδ )
+5.6 andδ ) +8.9 ppm resonances in the Cs compound (IV )
are shown in Figure 4i and j, and 4k and l, respectively. For all
compounds, theN ) 2 andN ) 4 DQ sideband patterns were
fit individually with the resulting Dh eff

ij andσ shown in Table 1.
The Deff

ij distributions for the different water environments in
I-IV obtained from these simulations are shown in Figure 5.
The variations of these1H DQ NMR sideband patterns were
also investigated forII andIV over a limited temperature range
(5.5-44.6°C) with no significant change in the sideband pattern
or Deff

ij distribution observed. The variable-temperature1H DQ
NMR sideband spectra are presented in the Supporting Informa-
tion (Figure 1S and 2S).

Figure 6 shows the DQ1H NMR sideband patterns forII
obtained using the dipolar filtered1H DQ MAS NMR pulse
sequence shown in Figure 1b. With increasing length of the
delay (τ) in the dipolar filter, the number and intensity of the
higher order DQ sidebands greatly diminish, with theτ ) 5 µs
filtered DQ spectra showing only significant contribution from
the central(1 and(3 spinning sidebands.

Discussion

The 1D 1H MAS NMR results show that multiple proton
environments are present in the different alkali [Nb6O19]8-

Lindqvist salts investigated. A single broad resonance was
observed inI andII with the chemical shift betweenδ ) +6.3
and+6.5 ppm (varies with temperature49) and has been assigned
to hydrogens belonging to lattice water bonded to the alkali
cation and/or H-bonded to the basic oxo-sites on the [Nb6O19]8-

cluster (observed O-H‚‚‚O bonding generally features a 0.8-
0.9 Å O-H distance, and 162-175° O-H‚‚‚H bond angle).49

This is consistent with previous1H NMR studies of niobium
oxide where water molecules in rapid exchange with hydroxyl
and acid protons were observed betweenδ ) +5.1 and+ 6.4
ppm.50 For III , two distinct resonances were observed with a
water environment atδ ) +6.4 ppm and a second proton
environment atδ ) +10.3 ppm. This second environment has
been assigned to an acidic hydronium (H3O+) species bound to
the [Nb6O19]8- cluster. This resonance revealed a moderate DQ

signal due to1H-1H dipolar coupling (see Figure 4g and h,
and the nonvanishing Dh eff

ij in Table 1), arguing against assign-
ment as an isolated H+ but instead supporting the assignment
of this 1H resonance as resulting from coupled protons present
in H2O or H3O+ environments. Assignments of H3O+ species
at these higherδ values have been reported for other materials.32

The observation of two distinct resonances forIII shows that
the exchange between these two water environments must be
slower than∼2300 Hz.

For IV , two distinct resonances were also observed with a
water environment atδ ) +5.6 ppm and a second proton
environment atδ ) +8.9 ppm. For this phase, the high chemical
shift resonance has been assigned to protons on the bridging
oxygen (OBH) that link the superoctahedral faces of adjacent
clusters via hydrogen bonds.39 It has been demonstrated that
there is a linear decrease in the solid-state1H NMR chemical
shift with increasing H‚‚‚O hydrogen bond length given by51,52

The crystal structure ofIV shows an average intercluster
hydrogen bond length of 1.88 Å, with eq 5 predicting a1H NMR
chemical shift ofδ ) +8.4 ppm, in excellent agreement with
the experimental results. The OBH resonance also reveals a
moderate DQ signal due to intramolecular1H-1H dipolar
coupling of adjacent protons on the octahedral face (see Figure
4k and l, and the nonvanishing Dh eff

ij in Table 1). Again, the
presence of the DQ signal shows that this proton resonance does
not result from an isolated proton. In addition to the water and
hydrogen-bound OBH environments, the1H MAS NMR of
compoundI also has a signal assigned to an isolated basic
NbOH proton (δ ) +1.9 ppm),49 while II and IV also show
small amounts of basic NbOH impurities. In this paper, we will
concentrate on the dynamics of the hydrogen-bonded OBH and
water protons and therefore will not discuss the isolated basic
NbOH protons further.

DQ Sideband Analysis. The 2D DQ 1H MAS NMR
experiments (Figures 3 and 4) show that analysis of the spinning
sideband patterns can provide a measure of average effective
dipolar coupling (Dh eff

ij ) and distribution width (σ). From these
effective dipolar couplings, it is possible to then calculate a water
order parameter (SH2O) using

whereDrigid
ij is the dipolar coupling in a motionally rigid water

molecule. For a rigid water molecule with a1H-1H distance of
1.54 Å, a dipolar coupling (Drigid

ij /2π) of 33.4 kHz is predicted
using eq 1.53 The sensitivity of the DQ1H NMR sidebands to
changes inDeff

ij (or equivalentlySH2O) are shown in Figure 7.
For largeDeff

ij (largeSH2O), high-order DQ sidebands up to(15
and(17 are easily observable. AsDeff

ij andSH2O decrease, the
higher order DQ sidebands disappear. For example, two dipolar
coupled protons withDeff

ij /2π ) 16.7 kHz (SH2O ) 0.5) only
have DQ sidebands out to(9 that are readily visible. The DQ
sideband patterns also depend on the length of the excitation/
reconversion periods viaνR and N as seen in eq 2 and have
been discussed in detail elsewhere.42,45Figure 4 shows that the
water environments in the polyoxoniobate materials presented
here have experimental DQ sidebands out to(15, consistent
with the rather large measuredDeff

ij (Table 1).
It is also possible to estimate an order parameter for the

hydrogen-bonded OBH protons inIV by determining the ratio
between the effective and static dipolar couplings, where the

Figure 2. 1D 1H MAS NMR spectra of (a) compoundI (Na), (b)
compoundII (K), (c) compoundIII (Rb), and (d) compoundIV (Cs)
obtained at spinning speeds (νR) between 30 and 33 kHz.

δ1H) 44.68- 19.3dOH‚‚‚O (Å) (5)

SH2O
) Dh eff

ij /Drigid
ij (6)
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static dipolar coupling is based on the nearest1H-1H contact
present within the material. For example, the intramolecular1H-
1H distance for the OBH protons inIV is 2.55 Å, which would
predict a 7.3 kHz dipolar coupling using eq 1. The intermo-
lecular 1H-1H distances for these hydrogen-bonded OBH
protons are 3.13 Å (Drigid

ij /2π ) 4 kHz) and 5.03 Å (0.9 kHz),
suggesting that to first order the intramolecular dipolar coupling
would be dominant and is consistent with the measured 7.0 and
7.5 kHz effective dipolar coupling (see Table 1). Unfortunately,
the crystal structure for this material also reveals a close 2.86
Å 1H-1H contact between the OBH protons and neighboring
waters, which in the static limit would produce a 5.2 kHz dipolar

coupling. This additional coupling would produce perturbations
on the observed DQ spectra. Alternatively, the significant
motions observed for the waters inIV ( SH2O ∼ 0.18, see
discussion below) would result in a further reduction in the
magnitude of this perturbing coupling. Using these assumptions,
the order parameters for the different proton environments in
compoundsI-IV are shown in Table 1.

Distribution of Effective Dipolar Couplings and Water
Dynamics.Analysis of the experimental DQ sidebands forI-IV
in Figure 4 using a simple two-spin approximation (eq 2)
resulted in very poor fits. In particular, the relative ratio of the
central(1 transition intensity to the intensity of higher order

Figure 3. 2D DQ 1H MAS NMR spectrum for compoundIV usingN ) 2 rotor cycle excitation/recoversion BABA sequence atνR ) 25 kHz. The
top 1D spectrum shows the projection of the single quantum (SQ)F2 dimension. On the right are 1D spectra for individual double quantum (DQ)
F1 slices at different chemical shifts of interest (dashed color lines): (a)δ ) + 8.9 ppm, (b)δ ) +5.6 ppm, and (c)δ ) +1.5 ppm. The odd-
numbered sidebands are numbered. The * denotes DQ spinning sidebands resulting from overlapping chemical shifts and are not considered in the
analysis.

Figure 4. Experimental (black) and simulated (red) DQ1H MAS NMR sidebands for (a) theδ ) +6.3 ppm water resonance inI , N ) 2 rotor
cycles and (b)N ) 4 rotor cycles. (c) Theδ ) +6.5 ppm water resonance inII , N ) 2 and (d)N ) 4. (e) Theδ ) +6.4 ppm water resonance
in III , N ) 2 and (f)N ) 4. (g) Theδ ) +10.3 ppm hydronium resonance inIII , N ) 2 and (h)N ) 4. (i) Theδ ) +5.6 water resonance inIV ,
N ) 2 and (j)N ) 4. (k) Theδ ) +8.9 ppm hydrogen-bound proton resonance inIV , N ) 2 and (l)N ) 4. The * denotes DQ spinning sidebands
resulting from overlapping chemical shifts and are not considered in the analysis.
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sidebands could not be simulated correctly. This discrepancy
has been noted before and has been attributed to either multispin
effects or distributions inDeff

ij .46,54 A simple model using a
distribution ofDeff

ij (eqs 3 and 4) can simulate the experimental
spectra very well at bothN ) 2 andN ) 4 rotor cycle excitation/
reconversion experiments as shown in Figure 4 and Table 1.

The average Dh eff
ij and corresponding distributions for the

water (and hydronium) species in compoundsI-IV were
different (see Figure 5). The water species (δ ) +6.4 and+6.5
ppm) in the K and Rb compounds (II and III ) are extremely
rigid, with the average order parameterSH2O greater than∼0.95.
Both of these compounds show a large distribution (σ), implying
that a range of water dynamics is present within the material.
This large distribution is not surprising for these niobium
materials considering that for all compounds multiple waters
are present within the unit cell. For example, compoundII , K7-
[HNb6O19]‚10H2O, has 10 distinct waters based on crystal-
lography, whereasIII , Rb6(H3O)2[H2Nb6O19]‚17H2O, has 19
distinct waters on 6 distinct crystallographic sites. These waters
are directly associated via hydrogen bonding to the bridging
and terminal oxo-sites of the [Nb6O19]8- clusters, while other
lattice water species are more removed and may be coordinated
to the counter cations with differing degrees of dynamics. The
Na compound (I ) water species (δ ) + 6.3 ppm) also has a

large Dh eff
ij with SH2O ∼ 0.75. The distribution forI is slightly

narrower than that observed forII and III . These large-order
parameters are observed even at the elevated sample tempera-
tures realized in the experiment (between+45 °C and+60 °C),
demonstrating that the signal probed during the DQ experiments
arises from very immobile water species. Water environments
that have a high degree of motional dynamics will have very
small effective dipolar couplings and therefore are not excited
to the same extent during the DQ pulse sequence. The large
line widths associated with the water species inI and II have
been attributed to1H exchange between different environments,

TABLE 1: Effective Dipolar Coupling, Distributions, and Order Parameters Obtained from Simulation of 1H DQ MAS NMR
Spinning Sideband Patterns for the Water and Hydrogen-Bound Intermolecular Resonances for Compounds I-IV

water
resonance
compound

δ
(fwhm)a

Dh eff
ij /2π (kHz)
(N ) 2)b

σ (kHz)
(N ) 2)b

Dh eff
ij /2π (kHz)
(N ) 4)b

σ (kHz)
(N ) 4)b

〈S〉
(N ) 2)

〈S〉
(N ) 4)

Na (I ) 6.3
(3160)

23 ( 1 4.5 24( 1 4.5 0.69c 0.72c

K (II ) 6.5
(2710)

33 ( 1 12 33( 1 10 0.99c 0.99c

Rb (III ) 6.4
(1720)

32 ( 1 8 31( 1 7 0.96c 0.93c

10.3
(1430)

8 ( 1 2 8( 1 2 0.24c 0.24c

Cs (IV ) 5.6
(1380)

6 ( 1 0.5 6( 1 0.5 0.18c 0.18c

8.9
(715)

7 ( 1 <0.5e 7.5( 1 1.5 0.96d ∼1d

a Chemical shift) δ (ppm) and line width fwhm) full width at half-maximum (Hz).b The effective average dipolar coupling and distribution
defined in eqs 2-4 for N ) 2 andN ) 4 rotor cycle DQ excitations/reconversion periods.c Effective order parameter for water defined using eq
4, assuming a static1H-1H dipolar coupling of 33.4 kHz.d Effective order parameter for the hydrogen-bonded OBH protons defined using eq 4,
assuming a static1H-1H dipolar coupling 7.3 kHz (1H-1H distance 2.55 Å) for Cs (IV ). e Lack of higher order sidebands makes determination of
σ difficult.

Figure 5. Effective dipolar coupling distributions for the different water
species in compoundsI-IV determined by DQ1H MAS NMR.

Figure 6. Dipolar-filtered DQ1H MAS NMR sidebands for the water
resonance (δ ) +6.5 ppm) compound (II ) using the pulse sequence in
Figure 1b withN ) 4 andνR ) 30 kHz with (a) no dipolar filter, (b)
τ ) 1 µs, m ) 1 dipolar filter, and (c)τ ) 5 µs, m ) 1 dipolar filter.
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but it would appear that if this exchange is indeed occurring
then it does not average the effective dipolar coupling signifi-
cantly.

The largeSH2O values experimentally observed limit the type
of water dynamics that can occur within these materials. There
have been numerous motional models used to describe water
dynamics in materials.28-30,33 Discrete 180° jumps about the
C2V symmetry axis of the H2O molecule do not produce an
averaging of the1H-1H dipolar coupling because this motion
results in a coincident dipolar tensor. This is in contrast to2H
NMR where the effective2H quadrupolar coupling is averaged
by a discrete two-site jump because the principal component
of the quadrupolar electrical field gradient tensor is aligned
approximately along the OD bond axis, which changes orienta-
tion during the two-site jump process.24 Alternatively, a continu-
ous spinning motion about theC2V axis (axis perpendicular to
the 1H-1H dipolar tensor axis) of the H2O molecule would
average the dipolar coupling by1/2 (SH2O ) 0.5) to give a Dh eff

ij

of ∼16.7 kHz. The observation of largeSH2O values forI-III
shows that this type of continuousC2V spinning motion is not
occurring for those water environments. The slight reduction
in SH2O does suggest that there are libration-type motions present
(in addition to the possibility of discreteC2V flips) leading to
the partial averaging of the dipolar coupling.

In contrast, theδ ) +5.6 water species ofIV and the
hydronium environment ofIII (δ ) +10.3 ppm) show a much
smaller dipolar coupling and a corresponding smaller order
parameter ofSH2O ) 0.18 and 0.24, respectively. These water
(hydronium) environments are more mobile without a large
motional distribution. The motion for these water environments
are not an isotropic reorientation because this motion would
completely average the dipolar coupling leading to Dh eff

ij ∼ 0
and SH2O ∼ 0. Additional details of the water dynamics
responsible for the observed averaging are not possible from
the simple analysis ofSH2O.

The Rb (III ) and Cs compounds (IV ) highlight one of the
advantages of the DQ1H MAS NMR experiment; motional
dynamics can be measured for each chemical shift resolved
proton species. In2H and 1H wide line studies, different1H
environments are typically resolved only if there are differences
in dynamics leading to distinguishable line shapes. InIV , this
is not the situation; these chemically resolved water and
hydrogen-bonded OBH species (δ ) +5.6 and 8.9 ppm) have
very similar order parameters (SH2O ) 0.18 and 0.23, see Table
1) that were directly measured using DQ1H NMR.

The presence of a distribution ofDeff
ij is experimentally

verified by the dipolar filtered experiments shown in Figure 6.
The DQ sideband spectra obtained forII with either (a) no
dipolar filter or (b) a short 1µs τ dipolar filter (Figure 6a and
b) reveal sidebands out to(13. When the filter timeτ is
increased to 5µs (Figure 6c), the DQ sideband pattern changes
dramatically with only the(1 and(3 sidebands being observed.
This dipolar filter is known to attenuate spin populations that
have a shortT2 value (stronger dipolar coupling), whereas spin
populations with longerT2 values (smaller dipolar couplings)
receive less attenuation.44 It has been suggested that the spectral
changes observed may result from a subselection of the dipolar
orientations from the full powder average (eqs 2 and 3) due to
heterogeneous relaxation during theT2 filter. Simulations of the
DQ sideband patterns with different distributions of the Euler
angles revealed phase twist in the observed spectra but did not
affect the overall relative intensities of the spinning sidebands.
These dipolar filtered DQ results therefore demonstrate that the
observed DQ sideband patterns are indeed a superposition of
differentDeff

ij , consistent with the distribution model used here.
The temperature dependence of Dh eff

ij andσ was also investi-
gated for select compounds (see Figures 1S and 2S in the
Supporting Information). Over a∼40 °C range (5.5-44.6°C),
there were not significant variations in the observed dipolar
coupling for the water inII and theδ ) +8.9 ppm OBH
resonance inIV . These results show that the motional processes
of the water environments in these materials have relatively low
temperature sensitivity. An interesting observation was that the
DQ signal of the water resonance inIV was greatly attenuated
at the lower temperature (+5.5°C) in comparison to the higher
temperatures (bottom, Figure 2S). In general, lowering the
temperature should reduce motional processes that average the
dipolar interaction, leading to an increase inDeff

ij and the
resulting DQ signal. The dramatic loss of DQ intensity suggests
that for the water environment inIV there were motional
processes occurring on the time scale of the BABA pulse
sequence.

It is important to note that a Gaussian distribution ofDeff
ij is

not a unique model or description. It is also possible to fit the
experimental DQ1H MAS NMR sidebands with the overlap of
individual spectrum for differentDeff

ij . An example of a bimo-
dal simulation (a mixture of spectra for two discreteDeff

ij ) of
the experimental DQ sideband spectrum forI is shown in Figure
3S (Supporting Information). Simulations using the Gaussian
distribution model gave smaller residuals in comparison to
bimodal model simulations. In addition, the Gaussian model
has fewer adjustable parameters. For these reasons, we elected
to describe all of the experimental DQ sideband patterns in this
paper using a Gaussian distribution ofDeff

ij (eqs 2-4).
Multispin Effects. For an isolated two-spin dipolar interac-

tion, the resulting DQ sideband pattern is predicted to be
composed entirely of odd-ordered spinning sidebands.42,45 In
the experimental DQ sideband spectra for compoundsI-IV ,
both even- and odd-ordered spinning sidebands were observed

Figure 7. DQ sideband pattern arising from two dipolar coupled spins
with different effective dipolar couplingsDeff

ij and corresponding order
parametersSH2O. Simulations assumeνR ) 30 kHz andN ) 4.
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(e.g., Figure 4). Several different explanations have been
forwarded to explain these types of even-ordered sidebands.
Although many of these possibilities have been discussed
previously, it is worthwhile to discuss them briefly. It has been
suggested that the appearance of even-ordered sidebands is
simply an experimental artifact arising from either pulse or phase
imperfections within our instrument. This argument can be
dismissed based on simulations along with the experimental
results observed in Figure 4 for compoundIV where theδ )
+5.6 ppm water environment shows only odd-ordered sidebands
(Figure 4i and j), whereas theδ ) +8.9 ppm OBH proton
environment clearly shows even-ordered sidebands (Figure 4k).
These results were obtained from the same 2D experiment,
arguing against the sidebands simply originating from experi-
mental imperfections. In addition, the similar magnitude of
Deff

ij for these two different water environments also excludes
the appearance of even-ordered sidebands arising from differ-
ences in DQ excitation efficiencies for these water resonances.
It has also been argued that even-ordered DQ sidebands may
also arise from a large1H chemical shift anisotropy (CSA); an
effect that will become more pronounced at higher magnetic
field strengths. The impact of the1H CSA on DQ sideband
spectra has been demonstrated previously.55 In that work, a five-
pulse sequence that is sensitive to CSA effects was utilized. In
the current investigation, an XY-8 phase cycling of the BABA
recoupling sequence was used, which is known to compensate
for resonance offsets and CSA to zero order.42 This insensitivity
of the DQ spinning sideband patterns to CSA effects was
confirmed through numerical simulations (Figure 4S, Supporting
Information) in which very minor changes in the DQ sideband
pattern occur for∆σ values as large as 10 kHz. More
importantly, the introduction of a CSA interaction did not lead
to the appearance of even-ordered sidebands and therefore is
not the cause for the even-ordered sidebands in the experimental
spectrum.

Multispin dipolar interactions can give rise to even-ordered
sidebands through an evolution rotor modulation mechanism
(ERM).42 Multispin dipolar interactions have also been used to
explain the emphasis of the central(1 transition of the1H DQ
sideband intensity in PDMS.54 We had previously argued that
multispin effects would have a small impact on the determina-
tion of Deff

ij based on the degree of perturbation parameter (ê)
forwarded by Schnell and Spiess42

where Dpert is the dipolar coupling strength (in angular
frequency) of the perturbing spin andωR is the angular MAS
spinning frequency. Assuming a simple hydrogen-bonded
network of water, the closest third spin would be at∼2.2 Å
and would produce a perturbation parameter ofê < 0.4 for νR

) 30 kHz. If there are additional water dynamics occurring,
then the perturbing dipolar coupling would be further reduced
leading to smaller values ofê. For small perturbations, it has
been argued that accurate dipolar couplings could still be
obtained from the analysis of1H DQ sidebands using a simple
two-spin approximation (eq 2).42

This issue of multispin interactions was revisited by perform-
ing a series of simulations for three-spin, four-spin, and five-
spin dipolar coupled1H clusters to address the changes in the
DQ sideband pattern and the introduction of even-ordered
sidebands. For the four-spin and five-spin models, there are
numerous intermolecular dipolar couplings, such that the degree

of perturbationê can still be quantified using eq 7 by defining
an effective perturbing dipolar coupling via

The results of these multispin DQ sideband simulations are
presented in Figures 5S, 6S, and 7S of the Supporting Informa-
tion. In summary, forê < 0.2 there are no significant changes
in the odd-ordered DQ sideband ratios, even in the presence of
multispin interactions. The extraction of meaningful effective
dipolar couplings in water molecules can be realized for these
smaller perturbations. Theê ) 0.2 value is much smaller than
our original argument ofê ) 0.549 and is something that needs
to be considered when trying to extract effective dipolar
couplings. Increasing the spinning speeds (νR . 30 kHz) will
decreaseê (see eq 7) and allow the accurate evaluation of
effective intramolecular couplings in water in the presence of
larger perturbing intermolecular dipolar couplings. Forê > 0.2,
the details of the line shape effects appear to be dependent on
the orientation of the intermolecular coupled water species.
Multispin interactions are responsible for the even-ordered
sidebands and can produce some relative attenuation of the outer
sidebands at increasedê values (>0.15), but these effects do
not appear to be large enough to explain the dramatic emphasis
of the(1 and(3 sidebands observed experimentally. For this
reason, we will continue to argue the experimental DQ sideband
patterns observed arise from a distribution ofDeff

ij .
These simulations also re-emphasize the inability of DQ1H

MAS NMR sideband analysis to extract extensive structural
details or to distinguish between complex motional models.
Consider, for example, the models forwarded to describe water
dynamics in2H NMR studies of the molecular sieve VPI-517,18

or the models used for analysis of1H wide line NMR studies
of loading in zeolites.29,30Calculating the complete1H DQ NMR
sideband pattern for these types of multisite models would
involve an extensive number of parameters, not only the
proton-proton exchange rates but also the effective dipolar
couplings (averaged distances), distributions of dipolar cou-
plings, and the relative angles of the numerous dipolar interac-
tions. These extensive models are beyond our current compu-
tational capabilities and would be poorly constrained given the
limited experimental restraints in the DQ sideband data.
Alternatively, the1H DQ NMR experiments provide a simple
and quick method of probing materials for variations in water
dynamics.

Correlation with Material Properties. Water dynamics have
been forwarded previously to explain some of the behavior in
polyoxometalates. For example, differences in water dynamics
can explain changes in catalytic cyclopropane isomerization on
the heteropoly acid H3PW12O40 with increasing amounts of water
adsorption.36 In the present study, the water environment
mobility can be ranked asIV (δ ) +5.6 ppm)∼ III (δ ) +10.3
ppm) . I (δ ) +6.3 ppm)> II (δ ) +6.5 ppm)∼ III (δ )
+6.4 ppm). This ranking of water dynamics differs from the
order of average number of alkali-oxygen (cluster) bonds per
alkali observed in the structural data,39 4.5 (IV ), 4.33 (III ), 3.0
(II ), and 2.0 (I ), and from the measured degree of solubility,
IV > III > II > I . It may be possible that the unique hydrogen-
bonded cluster structural motif inIV and the presence of
hydronium water species inIII may influence the observed
solubility and hydroxy species formation. The ranking order of
water dynamics also differs from the relative order of measured
oxygen exchange rates for the bridging and terminal oxygen
sites in solution reported previously,III > IV > II .39

ê ) Dpert

ωR
(7)

Dpert ) x∑j>2
N (Deff

1j )2 (8)
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Unfortunately, it does not appear that the water dynamics
measured for the alkali [Nb6O19]8- Lindqvist salts using DQ
1H NMR correlate with any of these reported material proper-
ties.

Conclusions

We have demonstrated that it is possible to measure the
dynamics for chemically distinct proton environments in materi-
als using DQ1H MAS NMR techniques. The analysis of the
DQ sideband patterns provides a direct measure of the effective
1H-1H dipolar coupling for both the water and hydrogen-bonded
OBH proton environments. From this measurement of the dipolar
coupling, the motional order parameter of the different proton
environments can be calculated. These DQ NMR techniques
were used to measure the effective dipolar coupling distributions
for a series of alkali [Nb6O19]8- Lindqvist salts. There are
significant differences in the water mobility based on the alkali
phase investigated. The water environment in the Cs hexaniobate
salt and the hydronium environment in the Rb hexaniobate salt
showed the highest degree of water mobility, whereas the water
environments of the K and Rb hexaniobates were observed to
be extremely immobile. These water mobility rates do not appear
to correlate with other material properties such as solubility,
oxygen exchange rates, or the average alkali-oxygen bond
numbers. These DQ1H MAS NMR studies provide fundamental
insight into the chemical differences and variation in local water
dynamics within materials without requiring isotopic substitu-
tion.
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