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A magic-angle spinning (MAS)2H NMR experiment was applied to study the molecular motion in paramagnetic
compounds. The temperature dependences of2H MAS NMR spectra were measured for paramagnetic [M(H2O)6]-
[SiF6] (M ) Ni2+, Mn2+, Co2+) and diamagnetic [Zn(H2O)6][SiF6]. The paramagnetic compounds exhibited
an asymmetric line shape in2H MAS NMR spectra because of the electron-nuclear dipolar coupling. The
drastic changes in the shape of spinning sideband patterns and in the line width of spinning sidebands due to
the 180° flip of water molecules and the reorientation of [M(H2O)6]2+ about itsC3 axis were observed. In the
paramagnetic compounds, paramagnetic spin-spin relaxation and anisotropic g-factor result in additional
linebroadening of each of the spinning sidebands. The spectral simulation of MAS2H NMR, including the
effects of paramagnetic shift and anisotropic spin-spin relaxation due to electron-nuclear dipolar coupling
and anisotropic g-factor, was performed for several molecular motions. Information about molecular motions
in the dynamic range of 102 s-1 e k e 108 s-1 can be obtained for the paramagnetic compounds from the
analysis of2H MAS NMR spectra when these paramagnetic effects are taken into account.

1. Introduction

Solid-state 2H NMR spectroscopy has developed into a
powerful tool in studies of local molecular geometry and
dynamics in solids.1-3 The information of the molecular motion
in the wide dynamic range (typically 10-2∼1010 s-1) can be
obtained using the spin-lattice relaxation time (T1), one-
dimensional spectra, and two-dimensional exchange spectra for
diamagnetic compounds. For paramagnetic substances, because
of the fast spin-lattice relaxation due to the interaction between
the unpaired electron spin and the resonant nuclei, the use of
T1 and two-dimensional exchange spectra for the study of
molecular dynamics is difficult. So, the line shape analysis of
the one-dimensional NMR spectra becomes very important for
studying molecular dynamics in paramagnetic compounds. The
line shape of a2H NMR spectrum depends on the anisotropic
interactions, such as nuclear quadrupole interaction, chemical
shift, and dipolar interaction, and is affected by the molecular
motion. The line shape of a broadline2H NMR spectrum is
sensitive to the molecular motion in the dynamic range of 103

s-1 e k e 107 s-1.2-10 Since the ordinary quadrupole-echo
sequence refocuses only dephasing due to the quadrupole
interaction, the distortion of the line shape is caused by the
paramagnetic shift in the measurements of broadline2H NMR
spectra of paramagnetic compounds. Two- or four-pulse se-
quences which remove the distortion of a spectrum because of
the paramagnetic shift have been proposed.11,12The simulation
method for the2H NMR broadline spectrum of paramagnetic
compounds obtained by these pulse sequences has been

developed for the study of molecular dynamics in paramagnetic
compounds.2,13-19

2H magic-angle spinning (MAS) NMR spectra with spinning
sidebands have also been shown to be sensitive to molecular
motions with the rates, 102 s-1 e k e 103 s-1 and 107 s-1 e k
e 109 s-1, which are almost undetectable in the2H NMR
broadline spectra.25-27 Therefore, information of molecular
motions in a wide dynamic range can be obtaind by the
combined use of2H NMR MAS and broadline spectra. The
theory for the analysis of MAS NMR spectral line shape in the
presence of a molecular motion has been developed using the
Floquet formalism and a stepwise calculation of the time
evolution of the magnetization for diamagnetic compounds.20-27

For the measurements of2H MAS NMR spectra in paramagnetic
compounds, the dephasings of magnetization due to the quad-
rupole interaction and the dipolar interaction between the
deuteron and the paramagnetic ions are refocused not by the
refocus pulse but rather by MAS. This removes the difficulty
in analysis caused by the effects of finite pulse width on the
spectra and allows one to obtain reliable information about the
local structure in paramagnetic compounds. Thus, use of MAS
NMR spectra is especially effective for the analysis of para-
magnetic compounds.

In the present work, the effects of molecular motion such as
a 180° flip of water molecules and reorientation of [M(H2O)6]2+

about itsC3 axis on the2H MAS NMR spectra were investigated
for paramagnetic [M(H2O)6][SiF6] (M ) Ni2+, Mn2+, Co2+) and
diamagnetic [Zn(H2O)6][SiF6]. The dynamics of molecules and
electron spin in these compounds have been investigated by
the2H NMR spectrum of a single crystal, the2H NMR broadline
spectrum, andT1 of the powder samples.14-19,28In the2H MAS
NMR spectra of paramagnetic compounds, the dipolar interac-
tion between the deuteron and the paramagnetic ions causes an
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asymmetric spinning sideband pattern. Previously, the line shape
of 2H MAS NMR spectra in paramagnetic compounds had been
investigated only in slow and fast limit motion regimes.29,30We
discuss the effects of intermediate time scale molecular motions
on 2H MAS NMR spectra in paramagnetic compounds. For the
2H MAS NMR spectra of paramagnetic compounds, the
anisotropy of the g-factor of paramagnetic ions and the fast
spin-spin relaxation due to the dipolar interaction between the
deuteron and the paramagnetic ions, as well as molecular
motion, affect largely the line width of the spinning sideband.
The 2H MAS NMR spectral simulation, including the effects
of paramagnetic shift, anisotropic g-factor, and anisotropic spin-
spin relaxation due to the dipolar interaction between the
deuteron and the paramagnetic ions in the presence of the
molecular motion, was performed using not only the nearest
paramagnetic ion but also the distant ones. When the broadening
of the linewidths are caused by the fast paramagnetic transverse
relaxation, the imaginary part of the spectral density gives rise
to the shift in the resonance frequency, often referred to as the
dynamic frequency shift (DFS).31 The effects of DFS to the2H
MAS NMR spectrum were also investigated. A point dipole
model was used for the calculation of the dipolar interaction
between the deuteron and the paramagnetic ions. The simulation
spectrum was obtained by stepwise integration for the equation
of the time evolution of magnetization. Application of the
proposed simulation method to the analysis of molecular
dynamics in paramagnetic samples is discussed by comparing

the results of2H NMR MAS spectra and broadline spectra for
paramagnetic [M(H2O)6][SiF6] (M ) Ni2+, Mn2+, Co2+) and
diamagnetic [Zn(H2O)6][SiF6].

2. Experimental Section

The deuterated sample was obtained by repeated recrystal-
lization from heavy water. The2H NMR experiments of
[M(H2O)6][SiF6] (M ) Zn2+, Ni2+, Co2+) were carried out using
a Chemagnetics CMX-300 spectrometer at 45.826 MHz with a
7.5 mm diameter zirconia rotor. The2H NMR experiments of
[Mn(H2O)6][SiF6] were carried out using a JEOL JNM-ECA500
spectrometer at 76.777 MHz with a 4.0 mm diameter zirconia
rotor. 90°-τ-acq pulse sequence was used.τ was synchronized
with MAS speed, and signal was collected beginning at the top
of the first rotational echo. The 90° pulse width was 3.4 and
2.4 µs for the measurements of [M(H2O)6][SiF6] (M ) Zn2+,
Ni2+, Co2+) and [Mn(H2O)6][SiF6], respectively. After coarse
adjustment of the magic angle using a KBr sample, fine
adjustments were made using the line width of the spinning
sideband of the2H MAS NMR spectrum of [Zn(H2O)6][SiF6]
at room temperature (0.32 kHz). The measurements of the2H
MAS NMR spectra were performed from room temperature to
the decomposition point of samples. The simulation of the2H
MAS NMR spectrum was performed by homemade Fortran
programs according to eqs 1-22 using double precision. The
numerical diagonalization of a complex, non-Hermitian matrix
A in eq 17 was performed using the Eispack implementation
of the QR algorithm.32

3. Theory and Simulations

The calculations in the present work were performed by
considering the2H NMR frequency and the spin-spin relaxation
rate at each deuteron site and the jump frequency of deuterons
between the sites. The2H NMR frequency at sitei (ωi(t)) for a
sample under MAS is written as

where ωCSi is the time-independent contribution of Fermi’s
contact shift.ωQi(t) andωPij(t) are the time-dependent contribu-
tions of the quadrupole interaction and the dipolar interaction
between2H nucleus and thejth paramagnetic ion, which are
written by the second-order Wigner rotation matrixDnm

(2)*(Ω)
as2,5,15,17,19,33

Figure 1. Six-site jump of deuterons caused by the 180° flip of water
molecules and the three-site jump of [M(H2O)6]2+ about theC3

axis.

TABLE 1: Magnetic and Geometric Parameters of
[M(H 2O)6][SiF6] Used for Spectral Simulation

Euler angles (degrees)
metal
ion
M2+

spin
state

S
g-factor
g|, g⊥ deuterons

nearest
M-D

distance
(pm) Rq âq γq

Zn2+ D1 0.0 166.8 346.0
D2 166.6 85.5 3.2

Ni2+ 1 2.26 D1 257 0.0 168.3 349.2
D2 244 169.6 82.2 2.2

Mn2+ 5/2 2.00 D1 276 0.0 168.0 49.7
D2 282 235.3 78.7 350.7

Co2+ 1/2 5.90, 5.00 D1 266 0.0 165.8 320.1
D2 256 142.0 82.6 9.1
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whereθm ( ) cos-1 1/x3) is the magic angle andωr is the
sample spinning speed. (Rqi, âqi, γqi), (Rpij, âpij, γpij), (Rgj, âgj,
γgj), and (R, â, γ) are the Euler angles for the transformation
from the molecular axes to the principal axes of the electric
field gradient (EFG) tensor, from the molecular axes to the
principal axes of the dipolar interaction between2H nucleus
and thejth paramagnetic ion, from the molecular axes to the
principal axes of the g-tensor of thejth paramagnetic ion and
from the rotor axes to the molecular axes, respectively. e2Qq/p
andη are the quadrupole coupling parameters. The spin-spin
relaxation rateR2p

i due to the dipolar interaction between the
2H nucleus at sitei and the paramagnetic ions is written as19

where ωN and ωe are angular NMR and ESR frequencies,

respectively.τe is the correlation time of the electron spin. The
time evolution of the magnetizationM(t) is represented by20-22,25,27

whereT is the Dyson time-ordering operator. For the exchange
betweenN sites,Â(t) is anN × N dimensional matrix with the
elements

wherekij is the jumping rate between sitei and j. Here, we
consider equal time increments∆t such thatt ) n∆t. By
assuming time-independent A(t) for a short period of time∆t,
L(t) is written as24,25

where Ŝ((n' - 1)∆t) is the matrix which transformsÂ((n' -
1)∆t) into a diagonal matrixΛ̂((n' - 1)∆t). When one rotor
period is divided intonrot equal periods∆t, the following relation
is obtained

OnceΛ̂((n' - 1)∆t), Ŝ((n' - 1)∆t), andL̂ (t) are estimated over
one rotor period,L̂ (t) at subsequent times are calculated using
these matrices and eq 18. The NMR signal is given by

where1 is a vector written by1 ) (1, 1, 1, 1, 1, 1). The effect
of the finite 90° pulse width on the spectrum is simply
considered usingB̂ which is the diagonal matrix with

where tp and Ωi(t) represent the 90° pulse width and the
imaginary part of the eigenvalue of the matrixÂ(t).34,35 The
signal of a powder sample is given by

The spectrum can be obtained by a Fourier transform ofG(t).
For thespectralsimulation includingthemotionof [M(H2O)6]2+,

the z axis of EFG tensor (zP) is assumed to be parallel to the
direction of the O-D bond, and the six-site jump model with
the rateskH2O andkre as shown in Figure 1 is used. Thez and
y axis of the molecular axes (zM, yM) are set to be parallel to
the direction of theC3 axis of [M(H2O)6]2+ and to be
perpendicular tozP of D1, respectively. The magnetic and the
geometric parameters of [M(H2O)6][SiF6] used for spectral
simulation are shown in Table 1. The geometrical parameters
were calculated using the results of diffraction methods.36-38

The paramagnetic shift and spin-spin relaxation due to the
dipolar interaction between the deuteron and the paramagnetic
ions are calculated using metal ions in 33 hexagonal unit cells
(81 metal ions). The numerical efficiency for the calculation of
the time evolution of the magnetization was confirmed using
severalnrot values. For the spectral simulation in the present
work, nrot ) 200 was used.

4. Results and Discussion

In order to characterize the paramagnetic effects, we first
measured the2H MAS NMR spectra of diamagnetic [Zn(H2O)6]-

gj
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[SiF6]. The temperature dependence of the2H MAS NMR
spectrum of [Zn(H2O)6][SiF6] above room temperature is
shown in Figure 2. The2H MAS NMR spectra were meas-
ured at a spinning speed of 5 kHz. [Zn(H2O)6]2+ in [Zn(H2O)6]-
[SiF6] exhibits two types of molecular motions: a 180° flip
of water molecules and a three-site jump of [Zn(H2O)6]2+

about its C3 axis. From the shape of the spinning side-
band pattern, in this temperature range, the electric field grad-
ient (EFG) at the2H nucleus is averaged by the fast 180° flip
of water molecules, and the temperature variation of the2H MAS
NMR spectrum can be explained by the three-site jump of
[Zn(H2O)6]2+. The broadline2H NMR spectrum was sensitive
to the three-site jump of [Zn(H2O)6]2+ about itsC3 axis above
333 K (see Supporting Information) and to the 180° flip of
water molecules below 203 K. From the results of the broadline

2H NMR spectrum, the rates of the 180° flip of water mole-
cules and the three-site jump of [Zn(H2O)6]2+ are predicted to
be kH2O > 109 s-1 and kre < 102 s-1 at 293 K, respectively.
So, these molecular motions do not induce linebroadening of
the 2H MAS NMR spectrum at 296 K. The isotropic spin-
spin relaxation timeT2 of 1.0 ms, which was obtained from
the full width at half-maximum (fwhm) of spinning side-
band (0.32 kHz) at 296 K, was used for whole spectral
simulation of [Zn(H2O)6][SiF6] as the homogeneous line
width. Figure 2b represents the spectral simulation assuming
the 180° flip of water molecules and the three-site jump of [Zn-
(H2O)6]2+. For the 180° flip of water molecules, a constant

Figure 2. Temperature dependence of2H MAS NMR spectra for
diamagnetic [Zn(H2O)6][SiF6]. Observed (a) and simulated (b)
spectra.

Figure 3. Temperature dependence of the jumping rate (kre) for the
three-site jump of [Zn(H2O)6]2+ about theC3 axis. Open and closed
circles showkre obtained by2H NMR MAS spectra and broadline
spectra, respectively.

Figure 4. Temperature dependence of2H MAS NMR spectra for
paramagnetic [Ni(H2O)6][SiF6] in the temperature range of 296-358
K. Observed (a) and simulated (b) spectra.

Figure 5. Temperature dependence of2H MAS NMR spectra for
paramagnetic [Ni(H2O)6][SiF6] in the temperature range of 438-493
K. Observed (a) and simulated (b) spectra.

Figure 6. Temperature dependence of the jumping rate (kre) for the
three-site jump of [Ni(H2O)6]2+ about theC3 axis. Open and closed
circles showkre obtained by2H NMR broadline spectra17 and MAS
spectra, respectively.

Figure 7. Dependence of full width at half-maximum (fwhm) of
spinning sideband on jumping ratekre. Open circle, closed circle, and
open triangle are results of calculations for angular-averagedT2 ) 1
ms, 100 us, and 60 us, respectively.
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kH2O value () 1.0 × 109 s-1) was used. The temperature
dependence of the ratekre for the three-site jump of [Zn-
(H2O)6]2+ about itsC3 axis obtained from the2H NMR broadline
and MAS spectra is shown in Figure 3. The2H MAS NMR
spectra provided information about the three-site jump of [Zn-
(H2O)6]2+ in the dynamic ranges ofkre g 5 × 106 s-1 andkre

e 103 s-1, which were undetectable in the2H NMR broadline
spectra. From the gradient of the log(kre) versusT -1 plots, the
activation energy of the three-site jump of [Zn(H2O)6]2+ was
obtained as 83 kJ mol-1.

For [Ni(H2O)6][SiF6], Ni2+ possesses the spin state ofS) 1
and isotropic g-factor (g ) 2.26).39,40Figures 4 and 5 show the
2H MAS NMR spectra of [Ni(H2O)6][SiF6] observed in the
temperature ranges 296-358 K and 438-493 K, respectively.
The2H MAS NMR spectra were measured at a spinning speed
of 5 kHz. The spectra showed an asymmetric line shape due to
the paramagnetic shift caused by the dipolar interaction between
the2H nuclei and the Ni2+. The shape of the spinning sideband
pattern at 296 K indicates that the electric field gradient (EFG)
at the 2H nucleus is averaged by the fast 180° flip of water
molecules. The fwhm of the spinning sideband of [Ni(H2O)6]-
[SiF6] was 1.1 kHz at 296 K. From the observedT1 value,17

theτe and the angular-averagedT2 values were obtained as 6.0
× 10-11 s and 500µs, respectively. Using thisT2 value, fwhm
due to the spin-spin relaxation which is caused by the dipolar
interaction between the2H nuclei and the Ni2+ was estimated
as 0.6 kHz at 296 K. Therefore, the line width of the spinning
sideband at 296 K is found to be dominated by the three-site
jump of [Ni(H2O)6]2+ about its C3 axis. The temperature
variation of the2H MAS NMR spectrum was simulated by
changing the jumping rate of the three-site jump of [Ni(H2O)6]2+

about itsC3 axis. Figures 4b and 5b show the spectral simulation
assuming the 180° flip of water molecules and the three-site
jump of [Ni(H2O)6]2+. For the 180° flip of water molecules, a
constantkH2O value () 1.0× 109 s-1) was used. The linebroad-
ening due to anisotropic spin-spin relaxation which is caused
by the dipolar interaction between the2H nuclei and the Ni2+

was estimated using eq 9 andτe obtained from the observedT1

value at each temperature.17 The paramagnetic shiftνD due to
the electron-deuteron dipolar coupling for the nearest Ni2+ and
the next nearest Ni2+ were estimated from eq 5 as 38 and 9
kHz for D1 and 45 and 6 kHz for D2 at 296 K and 23 and 5
kHz for D1 and 27 and 4 kHz for D2 at 493 K. Figure 6 shows
the temperature dependence of the ratekre for the three-site jump
of [Ni(H2O)6]2+ about itsC3 axis obtained by the2H NMR MAS
and broadline spectra.kre in the range of 103-106 s-1 were
obtained by the2H NMR broadline spectra.17 On the contrary,
the 2H MAS NMR spectra of [Ni(H2O)6][SiF6] provided
information of molecular motion in the dynamic range of 105

s-1 e kre e 107 s-1 and 102 s-1 e kre e 103 s-1. From the

gradient of the log(kre) versusT -1 plots, the activation energy
of the three-site jump of [Ni(H2O)6]2+ was obtained as 89 kJ
mol-1.

The influences of anisotropic spin-spin relaxation due to the
electron-deuteron dipolar coupling and molecular motion to
linebroadening of spinning sideband in the2H MAS NMR
spectrum were investigated by spectral simulation using the
geometrical and the magnetic parameters of [Ni(H2O)6][SiF6].
Fwhm of the spinning sideband was obtained by simulation of
the2H MAS NMR spectra at a spinning speed of 20 kHz. Figure
7 shows the dependence of fwhm on the jumping ratekre of
[Ni(H2O)6]2+ about itsC3 axis for different spin-spin relaxation
rates. The spin-spin relaxation rate was altered by changing
theτe values in eq 9. The angular-averagedT2( ) 1/R2p

i ) value
is shown in Figure 7. A constantkH2O value ()1.0 × 109 s-1)
was used for the simulation. Although fwhm increases with
decreasingT2, linebroadening of a spinning sideband due to the
molecular motion appears in the similar dynamic range of 102

s-1 e kre e 108 s-1. These results suggest that information of
molecular motion can be obtained from the2H MAS NMR spec-
trum using fast sample spinning even for the samples with a
fast spin-spin relaxation process between the electron and the
deuteron.

For [Mn(H2O)6][SiF6], the g-factor of Mn2+ is isotropic
(g ) 2.00).41,42 Mn2+ possesses a larger spin quantum number
(S ) 5/2) and a longer correlation time of electron spin (τe ∼
3 × 10-10 s) than those of other transition metals in the
[M(H2O)6]2+ type complex ions.16-19 So,2H NMR T2 becomes
very short (∼60 µs), and fast sample spinning speed is re-
quired for the measurements of2H MAS NMR spectra of
[Mn(H2O)6][SiF6]. Hence, the measurements of2H MAS
NMR spectra of [Mn(H2O)6][SiF6] were performed at a spinning
speed of 16 kHz. The2H MAS NMR spectra of [Mn(H2O)6]-
[SiF6] observed at 309 and 333 K are shown in Figure 8.
Because of dehydration, we could not obtain the2H MAS NMR
spectra of [Mn(H2O)6][SiF6] at a temperature higher than 333
K. The broadening of the spectrum is caused by the molecular
motion and the paramagnetic spin-spin relaxation. The spec-
trum at 333 K was slightly narrower than that at 303 K and
exhibited the structure because of the spinning sideband. From
τe estimated using theT1 values, the contribution of the
paramagnetic spin-spin relaxation to the line width of the
spinning sideband becomes∼5.3 kHz and is almost temperature-
independent in this temperature range.18 Therefore, the narrow-
ing of the spectrum can be attributed to the molecular motions.
Figure 8b shows the spectral simulation including the paramag-
netic shift and the spin-spin relaxation due to the dipolar
interaction between the2H nuclei and the Mn2+ in the presence
of the 180° flip of water molecules and the three-site jump of

Figure 8. (a) Experimental2H MAS NMR spectra for paramagnetic
[Mn(H2O)6][SiF6] at 309 and 333 K. (b) Calculated2H MAS NMR
spectra. Solid lines show the spectra without DFS. Broken lines show
the spectra including DFS.

Figure 9. Temperature dependence of the jumping rates for the three-
site jump of [Mn(H2O)6]2+ about theC3 axis (kre) and the 180° flip of
water molecules (kH2O). Closed circles and triangles showkre andkH2O

obtained by2H NMR broadline spectra.19 Open circles and triangles
showkre andkH2O obtained by2H NMR MAS spectra, respectively.
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[Mn(H2O)6]2+. The dipolar couplingνD for the nearest Mn2+

to D1 at 309 and 333 K are 173 and 157 kHz, andνD for the
next nearest Mn2+ to D1 at 309 and 333 K are 37 and 34 kHz.
νD for the nearest Mn2+ to D2 at 309 and 333 K are 161 and
147 kHz, andνD for the next nearest Mn2+ to D2 at 309 and
333 K are 26 and 23 kHz. The anisotropic spin-spin relaxation
rates were calculated usingτe ) 3.0× 10-10 s for eq 9.18 When
the broadening of the linewidths are caused by the fast
paramagnetic transverse relaxation, then the dynamic frequency
shift (DFS), the imaginary part of the spectral density, contrib-
utes to the shift in the resonance frequency.31 DFS in the2H
NMR frequency due to the paramagnetic dipolar interaction is
given by

The angular-averaged DFS value was estimated as 1.0 kHz for
the 2H NMR spectrum of [Mn(H2O)6][SiF6]. In order to
investigate the effects of DFS to the2H MAS NMR spectrum,
the spectral simulation includingδDFS

i (t) in eq 1 was per-
formed. The broken lines in Figure 8b show the spectral
simulation including the anisotropic DFS. As can be seen from
this figure, the apparent variation in the2H MAS NMR spectrum
due to DFS was not recognized. The jumping rates for the 180°
flip of water molecules (kH2O) and the three-site jump of [Mn-
(H2O)6]2+ (kre) were obtained from the spectral simulation.
Figure 9 shows the temperature dependences ofkH2O and kre

obtained from2H NMR MAS spectra and broadline spectra.
The 2H NMR MAS spectrum was effective above 300 K, and
the broadline spectrum was effective below 300 K for the studies
of molecular dynamics in [Mn(H2O)6][SiF6]. From the gradient
of the log(k) versusT -1 plots, the activation energies of the
180° flip of water molecule and the three-site jump of [Mn-
(H2O)6]2+ were obtained as 45 and 42 kJ mol-1, respectively.

The spin state of Co2+ in [Co(H2O)6][SiF6] is presented by a
fictitious spin) 1/2, and the g-factor of Co2+ is anisotropic.42-44

Figure 10a shows the2H MAS NMR spectrum of [Co(H2O)6]-
[SiF6] observed at 293 K. The spectrum was measured at a
spinning speed of 5 kHz. The correlation time of the electron
spin at 293 K was obtained asτe ) 2.0 × 10-12 s from the
results of2H NMR T1,16 and the contribution of the paramagnetic
spin-spin relaxation to the line width of the spinning sideband
was estimated as 0.03 kHz. The2H NMR broadline spectra were
sensitive to the three-site jump of [Co(H2O)6]2+ and the 180°
flip of water molecule in the temperature ranges of 303-393
and 163-243 K, respectively. From the results of the2H NMR
broadline spectra, the jumping rates for the 180° flip of water
molecules and the three-site jump of [Co(H2O)6]2+ at 293 K
are predicted to bekH2O ) 2 × 109 s-1 andkre ) 8 × 102 s-1,
respectively.16 The effects of the anisotropic g-factor on2H MAS
NMR spectra were investigated from the spectral simulation
using these values. Figure 10b,c shows the simulation spectra

using the anisotropic g-factor (g| ) 5.9, g⊥ ) 5.0) and the
isotropic g-value (giso ) 5.4), respectively. The observed spectra
were highly reproducible by former simulation. The anisotropy
of the g-factor induces the broadening and the structure of the
spinning sideband. This result suggests that an estimation of
the effects of the anisotropic g-factor on the spinning sideband
is important for the analysis of molecular motions using a2H
MAS NMR spectrum. From the experiments of the susceptibili-
ties,g| ) 5.98 andg⊥ ) 3.37 at 290.4 K have been reported.43

Anisotropy of the g-factor observed in the2H MAS NMR
spectra of [Co(H2O)6][SiF6] is fairly reduced as compared with
that observed by the susceptibilities. Similar phenomena have
been reported for other compounds.29 These results might be
caused by the delocalization of unpaired electron spin of Co2+.
The temperature dependence of the2H MAS NMR spectrum
of [Co(H2O)6][SiF6] at a spinning speed of 5 kHz is shown in
Figure 11. Figure 11b shows the spectral simulation assuming
the 180° flip of water molecules and the three-site jump of [Co-
(H2O)6]2+. For the 180° flip of water molecules, a constantkH2O

value () 1.0 × 109 s-1) was used. The linebroadening due to
anisotropic spin-spin relaxation which is caused by the dipolar
interaction between the2H nuclei and the Co2+ was estimated
using eq 9 andτe obtained from the observedT1 value at each
temperature.16 The paramagnetic shifts due to the electron-
deuteron dipolar coupling for the nearest Co2+ were estimated
asνD| ) 88 kHz andνD⊥ ) 63 kHz for D1 andνD| ) 99 kHz
andνD⊥ ) 71 kHz for D2 at 296 K andνD| ) 62 kHz andνD⊥
) 45 kHz for D1 andνD| ) 70 kHz andνD⊥ ) 50 kHz for D2
at 413 K. Figure 12 shows the temperature dependence of the
rate kre for the three-site jump of [Co(H2O)6]2+ about itsC3

axis obtained by2H NMR MAS and broadline spectra. The
information of molecular motion in the dynamic range of 106

δDFS
i (t) )

4

3 (µ0

4π)2

γD
2 µB
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2
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Figure 10. (a) Observed2H MAS NMR spectrum for paramagnetic
[Co(H2O)6][SiF6] at 293 K. Simulated spectra using (b) anisotropic and
(c) isotropic g factors.

Figure 11. Temperature dependence of2H MAS NMR spectra for
paramagnetic [Co(H2O)6][SiF6] in the temperature range of 293-423
K. Observed (a) and simulated (b) spectra.
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s-1 e k was obtained from the2H MAS NMR spectrum even
for the compound with an anisotropic g-factor. From the gradient
of the log(kre) versusT -1 plots, the activation energies of the
three-site jump of [Co(H2O)6]2+ was obtained as 74 kJ mol-1.

5. Conclusion

We demonstrated the2H MAS NMR spectral simulation
including the effects of paramagnetic shift, anisotropic g-factor,
and anisotropic spin-spin relaxation due to the dipolar interac-
tion between the deuteron and the paramagnetic ions in the
presence of the molecular motion using not only the nearest
paramagnetic ion but also the distant ones. In the2H MAS NMR
spectrum of the paramagnetic compounds, the anisotropy of the
g-factor and the fast spin-spin relaxation due to the dipolar
interaction between the deuteron and the paramagnetic ions, as
well as molecular motion, have a large effect on the line width
of the spinning sideband. The analysis, which takes into account
these effects, makes it possible to obtain information of the
molecular motion in the dynamic range of 102 s-1 e k e 108

s-1 even for paramagnetic compounds. The activation energies
of the three-site jump of [M(H2O)6]2+ (Ni2+ ) 89 kJ mol-1,
Zn2+ ) 83 kJ mol-1, Co2+ ) 74 kJ mol-1, and Mn2+ ) 42 kJ
mol-1) were obtained by the analysis of2H NMR spectra. We
have pointed out that the structure of [M(H2O)6]2+ elongated
along theC3 axis makes the activation energy small.16,17 The
activation energies of the three-site jump of [M(H2O)6]2+

obtained by this study reflected the degree of the elongation of
[M(H2O)6]2+.
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Figure 12. Temperature dependence of the jumping rate (kre) for the
three-site jump of [Co(H2O)6]2+ about theC3 axis. Open and closed
circles showkre obtained by2H NMR broadline spectra16 and MAS
spectra, respectively.
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