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A magic-angle spinning (MASH NMR experiment was applied to study the molecular motion in paramagnetic
compounds. The temperature dependenc#s bfAS NMR spectra were measured for paramagnetic [MYJsl-

[SiFe] (M = Ni%", Mn?", C&?") and diamagnetic [Zn(}D)e][SiFs]. The paramagnetic compounds exhibited

an asymmetric line shape il MAS NMR spectra because of the electramiclear 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 [MBl)s]?" about itsC; axis were observed. In the
paramagnetic compounds, paramagnetic -sppin relaxation and anisotropic g-factor result in additional
linebroadening of each of the spinning sidebands. The spectral simulation of?’MAB/R, including the
effects of paramagnetic shift and anisotropic sgBpin relaxation due to electremuclear dipolar coupling

and anisotropic g-factor, was performed for several molecular motions. Information about molecular motions
in the dynamic range of 267! < k < 10° s ! can be obtained for the paramagnetic compounds from the
analysis of’lH MAS NMR spectra when these paramagnetic effects are taken into account.

1. Introduction developed for the study of molecular dynamics in paramagnetic
compoundg13-19

- ) .
Solid-state’H NMR spectroscopy has developed into a 2H magic-angle spinning (MAS) NMR spectra with spinning

powerful tool in studies of local molecular geometry and
dynamics in solid$:23 The information of the molecular motion

in the wide dynamic range (typically 18~10'° s1) can be
obtained using the spiflattice relaxation time Ti), one-
dimensional spectra, and two-dimensional exchange spectra fo
diamagnetic compounds. For paramagnetic substances, becau
of the fast spir-lattice relaxation due to the interaction between
the unpaired electron spin and the resonant nuclei, the use o
T, 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 #H 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 broadlidel NMR spectrum is
sensitive to the molecular motion in the dynamic range &f 10
s1 < k < 10’ s71.2710 Since the ordinary quadrupole-echo
sequence refocuses only dephasing due to the quadrupol
interaction, the distortion of the line shape is caused by the
paramagnetic shift in the measurements of broadlih&MR
spectra of paramagnetic compounds. Two- or four-pulse se-
guences which remove the distortion of a spectrum because o
the paramagnetic shift have been propoSédThe simulation
method for the?H NMR broadline spectrum of paramagnetic
compounds obtained by these pulse sequences has bee
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sidebands have also been shown to be sensitive to molecular
motions with the rates, 21 < k< 1®sland 10s ! < k

< 10° s1, which are almost undetectable in tRe NMR
broadline spectré&2” Therefore, information of molecular

motions in a wide dynamic range can be obtaind by the

Lombined use ofH 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 compoui{ds.

For the measurements ¥ 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

MR spectra is especially effective for the analysis of para-

magnetic compounds.

In the present work, the effects of molecular motion such as
180 flip of water molecules and reorientation of [M{&l)s]2"
about itsCs axis on theH MAS NMR spectra were investigated
for paramagnetic [M(ED)s][SiFg] (M = Ni?", Mn2", Co*") and
giamagnetic [Zn(HO)g][SiF¢]. The dynamics of molecules and
electron spin in these compounds have been investigated by
the?H NMR spectrum of a single crystal, thid NMR broadline
spectrum, and of the powder sample'$-1°28|n the?H MAS

NMR spectra of paramagnetic compounds, the dipolar interac-
tion between the deuteron and the paramagnetic ions causes an
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the results oPH NMR MAS spectra and broadline spectra for
paramagnetic [M(KO)g][SiFe] (M = Ni2*, Mn2*, Co*") and
diamagnetic [Zn(KHO)e][SiFg).

2. Experimental Section

The deuterated sample was obtained by repeated recrystal-
lization from heavy water. ThéH NMR experiments of
[M(H 20)6][SiFg] (M = Zn2*, Ni2*, Co?*) were carried out using
a Chemagnetics CMX-300 spectrometer at 45.826 MHz with a
7.5 mm diameter zirconia rotor. THel NMR experiments of
[Mn(H20)g][SiF¢] were carried out using a JEOL JNM-ECA500
spectrometer at 76.777 MHz with a 4.0 mm diameter zirconia
rotor. 90 —7—acq pulse sequence was usedias synchronized
with MAS speed, and signal was collected beginning at the top
of the first rotational echo. The 9(ulse width was 3.4 and
2.4 us for the measurements of [MB)e][SiFg] (M = Zn?*,
Ni2t, Co*) and [Mn(HO)][SiFg], respectively. After coarse
adjustment of the magic angle using a KBr sample, fine
W w adjustments were made using the line width of the spinning
sideband of théH MAS NMR spectrum of [Zn(HO)s][SiF¢]

Figure 1. Six-site jump of deuterons caused by the 18 of water

molecules and the three-site jump of [MiB)sJ>* about the Cs at room temperature (0.32 kHz). The measurements oftthe

axis. MAS NMR spectra were performed from room temperature to
_ ) the decomposition point of samples. The simulation of4He

TABLE 1: Magnetic and Geometric Parameters of MAS NMR spectrum was performed by homemade Fortran

[M(H 20)6l[SiF ] Used for Spectral Simulation programs according to eqs-22 using double precision. The
nearest Euler angles (degrees)  numerical diagonalization of a complex, non-Hermitian matrix

metal Stpitn nct th*D A in eq 17 was performed using the Eispack implementation
Ion state g-factor Istance : 2
M2 S g.g. deuterons (pm) o B ’e of the QR algorithn#:
Zn?t D1 0.0 166.8 346.0 . .
n D2 1666 855 32 3. Theory and Simulations
Nizt 1 2.26 D1 257 0.0 168.3 349.2 . .
D2 244 169.6 822 22 The calculations in the present work were performed by
Mn2t 5/2  2.00 D1 276 0.0 168.0 49.7 considering théH NMR frequency and the spirspin relaxation
D2 282 2353 78.7 3507 rate at each deuteron site and the jump frequency of deuterons
Co* 1/2 590,500 D1 266 0.0 1658 320.1 petween the sites. THEl NMR frequency at sité (w;i(t)) for a
D2 256 142.0 82.6 9.1

sample under MAS is written as

asymmetric spinning sideband pattern. Previously, the line shape wi(t) = Lo, (1) _Zw M+ (1)
of 2H MAS NMR spectra in paramagnetic compounds had been : @ ; P s

investigated only in slow and fast limit motion regint@$°we

discuss the effects of intermediate time scale molecular motions,yhere o¢4 is the time-independent contribution of Fermi's
gn 2H MAS NMR spectra in paramagneth_CompoundS- Forthe contact shiftwqi(t) andwp,(t) are the time-dependent contribu-
H MAS NMR spectra of paramagnetic compounds, the tions of the quadrupole interaction and the dipolar interaction
anisotropy of the g-factor of paramagnetic ions and the fast patween?H nucleus and th¢th paramagnetic ion, which are

spin—spin relaxation due to the Qipqlar interaction between the written by the second-order Wigner rotation matl’.bf%*(Q)
deuteron and the paramagnetic ions, as well as moIeculara§,5,15,17,19,33
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 3 2 @ @
spin relaxation due to the dipolar interaction between the @) =4/~ Dor* (0, =0, o )Dp*(a, B, 7) x
deuteron and the paramagnetic ions in the presence of the

molecular motion, was performed using not only the nearest D(kzn)q*(aqi,ﬂqi, yqi)'l'(rﬁg (2)
paramagnetic ion but also the distant ones. When the broadening ’

of the linewidths are caused by the fast paramagnetic transverse _ @%rn _ (2%

relaxation, the imaginary part of the spectral density gives rise w"u(t) o 2 D6i*(0, =Om 0 )Drc*(a, B, 7) x
to the shift in the resonance frequency, often referred to as the

nkm=—2

nk=-2

dynamic frequency shift (DFS}. The effects of DFS to théH D(k%)*(apii' ﬂpij’ Vpij)wDi,-(t) @)
MAS NMR spectrum were also investigated. A point dipole

model was used for the calculation of the dipolar interaction T® = \[_362&11-'- @_1 €Qq (4)
between the deuteron and the paramagnetic ions. The simulation Q 8 h *X 4 h

spectrum was obtained by stepwise integration for the equation .

of the time evolution of magnetization. Application of the Ho) 2vpBog; (Dug

proposed simulation method to the analysis of molecular wp;(t) = A SS+1) ()

ed ; c a ; 3Kk Tr?
dynamics in paramagnetic samples is discussed by comparing !



12956 J. Phys. Chem. A, Vol. 111, No. 50, 2007

970 = geq + 2 DG (0, — 0 @)D, B, ) x

nk,m=-2

NE (08, — 505+ giy,.))

9=

0g;

@ —
:tZQ‘

2

gx>ﬁ + gyy + 92%
g|sq - a2

2 ®
where O, ( = cos? 1/\/5_3) is the magic angle and is the
sample spinning speedud, S Yai), (%pijs Bpiis Vpi)s (Cgjs Bais

vg), and @, B, y) 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 betwe#h nucleus
and thejth paramagnetic ion, from the molecular axes to the
principal axes of the g-tensor of thigh paramagnetic ion and
from the rotor axes to the molecular axes, respectivélpo
andn are the quadrupole coupling parameters. The-spfin
relaxation rateR2p due to the dipolar interaction between the
H nucleus at site and the paramagnetic ions is writterntas

2

. 4 |Ho
Rp(t) =3l YousS(S+ 1) JZ (1) x

L il fe
~|Al brg+ ——— |+
6 1+ (g — 0)°r>
1 i 27, Te
_‘ ! 22 o T
2 1+ wer, 1+ wyt

. Te

A 9)

1+ (o + 0)*r

where wy and we are angular NMR and ESR frequencies,

Ao(D) = 2 Dk (0, =0 0 D (0t, B, 7)

nk=-2
(2)* (apu! ﬁpu! ypl])TOD (10)

. 3 _
Top = \/;rij ’

respectivelyz. is the correlation time of the electron spin. The
time evolution of the magnetizatidvi(t) is represented BY222527

(11)

M(t) = L (t)M(0) (12)

L() = Texp[f; Act) dt] (13)

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

— R,(t) on the diagonal
off the diagonal

{iwi(t) - kii (14)

Ki

Mizuno et al.

(15)

wherek; is the jumping rate between siteandj. Here, we
consider equal time incremenist such thatt = nAt. By
assuming time-independentt\for a short period of time\t,
L(t) is written ag*2>

Cy=Cman =TI S — DAY x
n'=1

expA((n' — DAYAS(N' — 1AL (16)

A((n — DAY =
S((n' — DAY AN — DAHYS((n' — 1)AL) (17)

where §((n' — 1)At) is the matrix which transformé((n' —
1)At) into a diagonal matrixA((n' — 1)At). When one rotor
period is divided intoy.; equal periodg\t, the following relation
is obtained

explA((ny + DADAL = expA(ADAL]  (18)
OnceA((n' — 1)AY), S((n' — 1)At), andL (t) are estimated over
one rotor periodL (t) at subsequent times are calculated using
these matrices and eq 18. The NMR signal is given by

G(a, B, v, t) = 1-B-L (t)-M(0) (19)

wherel is a vector written byl = (1, 1, 1, 1, 1, 1). The effect
of the finite 90 pulse width on the spectrum is simply
considered usin® which is the diagonal matrix with

B, = sin(zK/2)/K;

K2 =1+ (Q/n)? (20)

t
Q= [ Q) dt (21)
where t, and Qi(t) represent the S0pulse width and the
imaginary part of the eigenvalue of the matixt).3435 The
signal of a powder sample is given by

G(t) = " G(a, B, y, ) sinBdodB dy (22)

The spectrum can be obtained by a Fourier transfori@(oy.

Forthe spectral simulationincluding the motion of [M(®)¢] 2,
the z axis of EFG tensorz) is assumed to be parallel to the
direction of the G-D bond, and the six-site jump model with
the ratesky,0 andke as shown in Figure 1 is used. Theand
y axis of the molecular axezy(, yu) are set to be parallel to
the direction of theCs; axis of [M(H,O)]?" and to be
perpendicular t@e of D1, respectively. The magnetic and the
geometric parameters of [M@D)s][SiFe] used for spectral
simulation are shown in Table 1. The geometrical parameters
were calculated using the results of diffraction meth&d&?
The paramagnetic shift and spispin relaxation due to the
dipolar interaction between the deuteron and the paramagnetic
ions are calculated using metal ions ihH&xagonal unit cells
(81 metal ions). The numerical efficiency for the calculation of
the time evolution of the magnetization was confirmed using
severaln,; values. For the spectral simulation in the present
work, nt = 200 was used.

4. Results and Discussion

In order to characterize the paramagnetic effects, we first
measured théH MAS NMR spectra of diamagnetic [ZngD)e]-
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Figure 2. Temperature dependence ¥ MAS NMR spectra for
diamagnetic [Zn(KHO)g][SiFe]. Observed (a) and simulated (b)
spectra.
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Figure 3. Temperature dependence of the jumping r&tg {or the
three-site jump of [Zn(KD)e]?" about theC; axis. Open and closed
circles showk. obtained by?H NMR MAS spectra and broadline

spectra, respectively.
a b
€°Qq/n=210 kHz
T=358 K s g%
=0.01
Kke=1.0%10%"

&’Qq/h=210 kHz
1=0.0 .\
Ke=3.0%10%"

&%Qq/h=210 kHz
- n=0,01
T=296K ko=2.5% 107%™
7 X ;
-100

5 =100 700 0

100 0
v (kHz) v (kHz)

Figure 4. Temperature dependence #1 MAS NMR spectra for
paramagnetic [Ni(kD)e][SiF¢] in the temperature range of 29858
K. Observed (a) and simulated (b) spectra.

[SiF¢]. The temperature dependence of thé MAS NMR
spectrum of [Zn(HO)g][SiFs] above room temperature is
shown in Figure 2. ThéH MAS NMR spectra were meas-
ured at a spinning speed of 5 kHz. [Zn®)e] 2" in [Zn(H20)q]-
[SiFg] exhibits two types of molecular motions: a I8fip

of water molecules and a three-site jump of [ZaChe]>"
about its C; axis. From the shape of the spinning side-
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Figure 5. Temperature dependence #1 MAS NMR spectra for
paramagnetic [Ni(HO)g][SiF¢] in the temperature range of 43893
K. Observed (a) and simulated (b) spectra.
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Figure 6. Temperature dependence of the jumping ri&tg for the

three-site jump of [Ni(HO)s]>" about theC; axis. Open and closed

circles showk. obtained by’H NMR broadline spectfd and MAS

spectra, respectively.
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Figure 7. Dependence of full width at half-maximum (fwhm) of
spinning sideband on jumping raite. Open circle, closed circle, and
open triangle are results of calculations for angular-averdged 1
ms, 100 us, and 60 us, respectively.

°H NMR spectrum, the rates of the 18€lip of water mole-
cules and the three-site jump of [Zn{Bl)g]2" are predicted to
be ky,o > 10° st andke < 107 s71 at 293 K, respectively.
So, these molecular motions do not induce linebroadening of

band pattern, in this temperature range, the electric field grad-the 2H MAS NMR spectrum at 296 K. The isotropic spin

ient (EFG) at the?H nucleus is averaged by the fast 180p
of water molecules, and the temperature variation ofthMAS

spin relaxation timeT, of 1.0 ms, which was obtained from
the full width at half-maximum (fwhm) of spinning side-

NMR spectrum can be explained by the three-site jump of band (0.32 kHz) at 296 K, was used for whole spectral

[Zn(H20)6)?". The broadlineH NMR spectrum was sensitive
to the three-site jump of [Zn(#D)s]2+ about itsC; axis above
333 K (see Supporting Information) and to the 180p of

simulation of [Zn(HO)g][SiF¢] 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-

water molecules below 203 K. From the results of the broadline (H,0)s]?". For the 180 flip of water molecules, a constant
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Figure 8. (a) ExperimentaPH MAS NMR spectra for paramagnetic
[Mn(H0)g][SiFe] at 309 and 333 K. (b) CalculatetH MAS NMR
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Figure 9. Temperature dependence of the jumping rates for the three-
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spectra. Solid lines show the spectra without DFS. Broken lines show site jump of [Mn(HO)s]?* about theC; axis () and the 180flip of

the spectra including DFS.

ka0 value & 1.0 x 10° sY) was used. The temperature
dependence of the ratige for the three-site jump of [Zn-
(H20)6]%" about itsC; axis obtained from théH NMR broadline
and MAS spectra is shown in Figure 3. THd MAS NMR
spectra provided information about the three-site jump of [Zn-
(H20)e]2" in the dynamic ranges dée > 5 x 10° st andke

< 10 s %, which were undetectable in thel NMR broadline
spectra. From the gradient of the l&g) versusT ~1 plots, the
activation energy of the three-site jump of [Zn®)e]?" was
obtained as 83 kJ mol.

For [Ni(H20)6][SiFg], Ni?* possesses the spin stateof 1
and isotropic g-factorg = 2.26)3%4°Figures 4 and 5 show the
°H MAS NMR spectra of [Ni(HO)g][SiFe¢] observed in the
temperature ranges 29858 K and 438-493 K, respectively.

water moleculesk,o). Closed circles and triangles shdw andki2o
obtained by?H NMR broadline spectr& Open circles and triangles
showk.e andkpzo obtained by’H NMR MAS spectra, respectively.

gradient of the logd¢.) versusT ~1 plots, the activation energy
of the three-site jump of [Ni(pD)s]?" was obtained as 89 kJ
mol~L.

The influences of anisotropic sptspin relaxation due to the
electron-deuteron dipolar coupling and molecular motion to
linebroadening of spinning sideband in tAd MAS NMR
spectrum were investigated by spectral simulation using the
geometrical and the magnetic parameters of [N@M][SiFg].
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 katef
[Ni(H20)s]>" about itsCz axis for different spir-spin relaxation
rates. The spirtspin relaxation rate was altered by changing

The?H MAS NMR spectra were measured at a spinning speed the 7. values in eq 9. The angular-averageq = 1ll?'2p) value
of 5 kHz. The spectra showed an asymmetric line shape due tois shown in Figure 7. A constaifit;,o value 1.0 x 1(° s7)

the paramagnetic shift caused by the dipolar interaction betweenwas used for the simulation. Although fwhm increases with
the?H nuclei and the Ni". The shape of the spinning sideband decreasing, linebroadening of a spinning sideband due to the
pattern at 296 K indicates that the electric field gradient (EFG) molecular motion appears in the similar dynamic range &f 10

at the?H nucleus is averaged by the fast 2&0p of water
molecules. The fwhm of the spinning sideband of [NiQHs]-
[SiF¢] was 1.1 kHz at 296 K. From the observég valuel’
there and the angular-averagédd values were obtained as 6.0
x 107's and 50Qus, respectively. Using this, value, fwhm
due to the spirrspin relaxation which is caused by the dipolar
interaction between th#H nuclei and the Ni" was estimated
as 0.6 kHz at 296 K. Therefore, the line width of the spinning

s1 < ke < 10 s7L. These results suggest that information of
molecular motion can be obtained from #&MAS NMR spec-
trum using fast sample spinning even for the samples with a
fast spir-spin relaxation process between the electron and the
deuteron.

For [Mn(HO)¢][SiF¢], the g-factor of MAT is isotropic
(g = 2.00)#142Mn?* possesses a larger spin quantum number
(S=5/2) and a longer correlation time of electron spig

sideband at 296 K is found to be dominated by the three-site 3 x 10710 s) than those of other transition metals in the

jump of [Ni(H>O)s]?" about its C3 axis. The temperature
variation of the?H MAS NMR spectrum was simulated by
changing the jumping rate of the three-site jump of [NI(H] 2"
about itsCs axis. Figures 4b and 5b show the spectral simulation
assuming the 180flip of water molecules and the three-site
jump of [Ni(H20)g]?". For the 180 flip of water molecules, a
constanky,o value & 1.0 x 10° s%) was used. The linebroad-
ening due to anisotropic spirspin relaxation which is caused
by the dipolar interaction between tRid nuclei and the Ni"
was estimated using eq 9 andobtained from the observeld
value at each temperatufeThe paramagnetic shifty due to
the electror-deuteron dipolar coupling for the nearestNand
the next nearest Rif 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 katéor the three-site jump
of [Ni(H0)e]?" about itsC3 axis obtained by théH NMR MAS
and broadline spectre in the range of 18-10° s~ were
obtained by théH NMR broadline spectr&’ On the contrary,
the 2H MAS NMR spectra of [Ni(HO)g][SiFg] provided
information of molecular motion in the dynamic range of 10
s1<ke=<10stland 16 s! < ke < 10° sL. From the

[M(H 20)¢]2" type complex iond%1° So,2H NMR T, becomes
very short (-60 us), and fast sample spinning speed is re-
quired for the measurements &1 MAS NMR spectra of
[Mn(HO)e][SiF¢]. Hence, the measurements &H MAS
NMR spectra of [Mn(HO)g][SiFg] were performed at a spinning
speed of 16 kHz. ThéH MAS NMR spectra of [Mn(HO)g]-
[SiFe] observed at 309 and 333 K are shown in Figure 8.
Because of dehydration, we could not obtain3HeMAS NMR
spectra of [Mn(HO)g][SiF¢] at a temperature higher than 333
K. The broadening of the spectrum is caused by the molecular
motion and the paramagnetic spispin 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
Te estimated using thel; values, the contribution of the
paramagnetic spinspin relaxation to the line width of the
spinning sideband become$.3 kHz and is almost temperature-
independent in this temperature raf§a@herefore, 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 spinspin relaxation due to the dipolar
interaction between th& nuclei and the M#" in the presence

of the 180 flip of water molecules and the three-site jump of
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[Mn(H20)e]2*. The dipolar couplingp for the nearest V&Y

to D1 at 309 and 333 K are 173 and 157 kHz, agdor the
next nearest M to D1 at 309 and 333 K are 37 and 34 kHz.
vp for the nearest M#t to D2 at 309 and 333 K are 161 and
147 kHz, andvp for the next nearest Mri to D2 at 309 and
333 K are 26 and 23 kHz. The anisotropic spapin relaxation
rates were calculated usimg= 3.0 x 10719s for eq 9*¥ 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 frequefcRFS in the?H
NMR frequency due to the paramagnetic dipolar interaction is
given by

2

: 4 (Mo
Oprsll) = - | —| 7ousS(S+1) Y gi(h) x
3\4n ]

(0 — 097,
——| *+
1+ (wy — w12

2075 N
+
1+ a)ezrg 1+ wﬁ,ri
(on + 07

(23)

1+ (wy + w2
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Figure 10. (a) ObservedH MAS NMR spectrum for paramagnetic
[Co(H:0)6][SiF¢] at 293 K. Simulated spectra using (b) anisotropic and
(c) isotropic g factors.
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The angular-averaged DFS value was estimated as 1.0 kHz forFigure 11. Temperature dependence & MAS NMR spectra for

the 2H NMR spectrum of [Mn(HO)¢[SiFg]. In order to
investigate the effects of DFS to tAd MAS NMR spectrum,
the spectral simulation includingp{t) in eq 1 was per-

paramagnetic [Co(lD)s][SiFg] in the temperature range of 29323
K. Observed (a) and simulated (b) spectra.

formed. The broken lines in Figure 8b show the spectral using the anisotropic g-factor (= 5.9, g5 = 5.0) and the

simulation including the anisotropic DFS. As can be seen from isotropic g-valuegiso =

this figure, the apparent variation in thieé MAS NMR spectrum

5.4), respectively. The observed spectra
were highly reproducible by former simulation. The anisotropy

due to DFS was not recognized. The jumping rates for thé 180 of the g-factor induces the broadening and the structure of the

flip of water moleculesku,0) and the three-site jump of [Mn-
(H20)8]?" (k) were obtained from the spectral simulation.
Figure 9 shows the temperature dependencdsgef and ke
obtained from®H NMR MAS spectra and broadline spectra.
The?H NMR MAS spectrum was effective above 300 K, and

ties, g =

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 usingHa
MAS NMR spectrum. From the experiments of the susceptibili-
5.98 andgy = 3.37 at 290.4 K have been report&d.

the broadline spectrum was effective below 300 K for the studies Anisotropy of the g-factor observed in tiél MAS NMR

of molecular dynamics in [Mn(kD)g][SiFe]. From the gradient
of the logk) versusT ~1 plots, the activation energies of the
18 flip of water molecule and the three-site jump of [Mn-
(H20)e]2" were obtained as 45 and 42 kJ mblrespectively.
The spin state of Co in [Co(H,0)s][SiF¢] is presented by a
fictitious spin= 1/2, and the g-factor of Co is anisotropict2—44
Figure 10a shows th#H MAS NMR spectrum of [Co(HO)g]-

spectra of [Co(HO)e][SiFg] is fairly reduced as compared with
that observed by the susceptibilities. Similar phenomena have
been reported for other compourfdsThese results might be
caused by the delocalization of unpaired electron spin éf Co
The temperature dependence of BheMAS NMR spectrum

of [Co(H20)6][SiFe] at a spinning speed of 5 kHz is shown in
Figure 11. Figure 11b shows the spectral simulation assuming

[SiFe] observed at 293 K. The spectrum was measured at athe 180 flip of water molecules and the three-site jump of [Co-
spinning speed of 5 kHz. The correlation time of the electron (H,0)s)?". For the 180 flip of water molecules, a constaky,o

spin at 293 K was obtained ag = 2.0 x 10712 s from the
results oH NMR Ty,16 and the contribution of the paramagnetic

value & 1.0 x 1®° s71) was used. The linebroadening due to
anisotropic spir-spin relaxation which is caused by the dipolar

spin—spin relaxation to the line width of the spinning sideband interaction between th&H nuclei and the C& was estimated

was estimated as 0.03 kHz. TH¢ NMR broadline spectra were
sensitive to the three-site jump of [Cof®l)e]>" and the 180
flip of water molecule in the temperature ranges of 3893
and 163-243 K, respectively. From the results of theé NMR
broadline spectra, the jumping rates for the L8 of water
molecules and the three-site jump of [Ca@®Js]?" at 293 K
are predicted to bky,o =2 x 10° s T andke =8 x 1 s,
respectively'® The effects of the anisotropic g-factor &1 MAS

asvp) =

using eq 9 and. obtained from the observel value at each
temperaturé® The paramagnetic shifts due to the electron
deuteron dipolar coupling for the nearest?Cavere estimated
88 kHz andvpn = 63 kHz for D1 andvp, =
andvpp = 71 kHz for D2 at 296 K anarp, =
= 45 kHz for D1 andvp; = 70 kHz andvpy = 50 kHz for D2

at 413 K. Figure 12 shows the temperature dependence of the
rate ke for the three-site jump of [Co(}D)s]?" about itsCs

99 kHz

62 kHz andvpp

NMR spectra were investigated from the spectral simulation axis obtained byH NMR MAS and broadline spectra. The
using these values. Figure 10b,c shows the simulation spectrainformation of molecular motion in the dynamic range of 10
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Figure 12. Temperature dependence of the jumping ratg for the
three-site jump of [Co(kD)s]>" about theC; axis. Open and closed
circles showk. obtained by?H NMR broadline spectfd and MAS
spectra, respectively.
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