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The effect of bulk magnetic susceptibility (BMS) on solid
state NMR spectra of paramagnetic compounds was investi-
gated theoretically and experimentally. The BMS shift was
calculated for cylindrical and spherocylinderical containers
with some ratios of the length L and the diameter D. The results
show the best resolution can be obtained by using a long cylin-
drical sample container with L/D > 10 and by exciting only the
region near the center of the container. The effect of the ran-
dom orientations and distributions of crystallites in a powder
sample was also calculated according to a model proposed by
Schwerk et al. [J. Magn. Reson. A 119, 157 (1996)] with remov-
ing the Fermi contact term from their model. Static and the
magic-angle spinning **C NMR spectra were recorded on two
paramagnetic compounds of Ln(C,D5;SO,), - 8H,0 where Ln =
Pr, Yb. The modified theory predicts the BMS broadening of the
experimental spectra very well. © 1998 Academic Press

Key Words: solid state NMR; bulk magnetic susceptibility shift;
paramagnetic samples; polycrystalline sample.

INTRODUCTION

the demagnetizing field or the so-called BMS shift is a tensori
interaction. This BMS effect can appear, even if the bull
magnetic susceptibility of a crystal is isotropic.

In a recent publication, a model was proposed to calcula
the ABMS and the BMS effects on static and MAS NMR
spectra of a powder sampléQ). The theoretical values were
compared with"H NMR spectra of small molecules absorbed
on a diamagnetic zeolite. These ABMS and BMS effects ar
expected to be more significant in paramagnetic samples.
one of our previous studies, we have also encountered dif
culties in simulating?H two-dimensional NMR spectra of a
paramagnetic lanthanide compound and have attributed t
reason for the error to the BMS effectl). In the present
study, the model proposed in Refl(j is reexamined by
comparing it with experimental results on paramagnetic lar
thanide ethylsulfates, for which single-crystal X-ray diffraction
(12) and magnetic susceptibilitl 8—15 data are available and
thus the theoretical calculation of the ABMS and the BMS
effects are possible. We also consider the effect of shapes
sample containers. This effect has been known to affect the i

Bulk magnetic susceptibility (BMS) of a sample produces ghape of nuclear acoustic resonancét in a cylindrical

demagnetizing field and causes a shift of NMR resonang@gle crystal tungsten metal specimég)( Great attention has
frequency 1’ 2) This shift depends on the Shapes of interfad@en also pald to this effect on the resolution of solution-sta
where magnetic susceptibility changes discontinuously and Bigh-resolution NMR experimentsl{-19. If the sample is
the distances between the observed nuclei and the interff#@magnetic, the BMS effect due to a sample container can |
The quantitative estimate of this field is an important issue f§moved by MAS 19). However, for strong paramagnetic
NMR imaging of lung tissue and trabecular bon8s4). In samples we will show here that this effect can appear ¢
solid-state magic-angle spinning (MAS) NMR experiment$pPinning sidebands of MAS NMR spectra. To measure par
randomly distributed demagnetizing fields in a powder sampgRagnetic shift tensors precisely or to observe the BMS shi
are known to cause broadening of resonance lines, if the b@#€ to sample inhomogeneity and investigate microstructur
magnetic Suscepnbmty tensor is anisotrorﬁ; 6) This effect of inhomogeneous materials, this effect must be removed. W
has been known as the anisotropic bulk magnetic susceptibif}l discuss how to remove the BMS shift due to a sample
(ABMS) effect. However, the demagnetizing field can alseontainer.
distort the spinning sideband pattern of a MAS NMR spectrum

or the envelope of a static powder NMR spectrum and makes

it difficult to determine the principal values of paramagnetic or
chemical shift tensor accurately«10. It is due to the fact that

THEORY

The demagnetizing fieldH(r) caused by a single uniformly
magnetized region is given by the gradient of a magnetic scal
potential ¢ (20):

1 To whom correspondence should be addressed.
20n leave from the Institut fuAnorganische Chemie und Analytische
Chemie, Johannes Gutenberg-Univétsitiinz, D-55099 Mainz, Germany. SH(r) = —=Vao(r), [1]
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where a

b the crystal containing
the observed nucleus

container

¢(r) = (1/4m) j Irs—r|"*M - da(rs). (2]

S

rgandr are a position on the surface of the magnetized region
and a position where the field is calculated, respectivddyis

a surface vector directed outwartfl is the magnetization
inside the surface and is given by S crystal surface j

M = ;((S) : H 0 [3] C S container S sphere

wherex(9) is the volume susceptibility tensor within a surface
S If several magnetized regions exist, Eq. [2] has to be re-
placed by the sum of surface integrals. Equation [1] can be
written in the following form:

FIG. 1. Model of a polycrystalline sample. (a) Each crystallite is assume
to be spherical. We suppose a sph&ewith an infinitesimal radius which
8H = —(r,S)- ;((S) - Ho, [4] encloses an observed nucleus. If there is a finite distribution of unpaire

electron spins on the nucleus, the magnetic susceptibilit$,iny(S), is
R . . nonzero.S, is the Ewald sphere with a radius which is much smaller than th
wherei(r, §) is a demagnetizing tensor. Its componenis(r, S,  size of the crystallite, but large enough so that the average over lattice poir
(o, B = X, Y, 2) are given by converges. Inside the sphesg the magnetization due to unpaired electrons is
assumed to be localized in the spheBeék = 1, 2, - -), whereS, encloses the
kth paramagnetic metal ion. The magnetic susceptibility in§ide given by

1 %(S) = XV, wherexl°" is the susceptibility of théth paramagnetic ion,
Vop(r, S) = (Udar)alor, | Irs— r| 'dag(rs) andV,, is the volume ofS.. The magnetic susceptibility of the region outside
s S and S, and insideS, is assumed to be zerg(S,;) = 0. The region outside

S, and inside the crystallit&, ., is assumed to be uniformly magnetized with
the volume susceptibilityy, = Vunit ce)™ > Skeunitcen X" (D) Spherical
= (1/4m) f |rs — r|_3(rSa - ra)daﬁ(rs)_ [5] crystallites with the same radius are assumed to form a face-centered cu
s lattice in a spherical container with a vacancy ratio{1p). The magnetic
susceptibility tensor of each crystallite is assumed to be randomly oriented. (
In the sample container, we suppose a sphere which contains an obser
The trace of a demagnetizing tendof v} does not depend nucleus. The magnetic susceptibility outside this sphere but within the co

on the shape of the surfaG Taking the origin at and using tainer is assumed to be uniform and isotropic.

Gauss’s law, we obtain

center of the sphere. For the surface with a general shape, |

SO — -3, . demagnetizing field must be calculated by a numerical inte

Triv(n} = (2/4m) J fs'rs+da gration of Eq. [5]. Analytical equations have been derived fo

a rectangular parallelepiped and a triangular surf&cd)(

We consider a model of a polycrystalline sample proposed!

= (1/4w)JV-(r’/r’3)dV’ = fﬁ(r’)dV’. [6] Ref. (L0). We assume that the polycrystalline sample can b
v v divided to homogeneously magnetized regions as shown

Fig. 1. Spherical crystallites with an identical diameter ar

Tr{3} equals 1 wherr = (0, 0, 0) is inside the volum¥, and a@ssumed to occupy lattice positions of a FCC structure with

0 when it is outside the volumé. The demagnetizing tensor isProbability p (Fig. 1b). In addition to their model, we place an

uniform and isotropic inside a sphere: the three principal valu§initesimal spheres, around an observed nucleus (Fig. 1a)

of ¥ are given by, = 1, = 15 = + (20). Outside the sphere, @nd consider the effect of a sample container (Fig. 1c). TF
7 represents the field produced by a dipole located at the cerhdfiR resonance frequency at a positiomnside a sample is

S

of the sphere: proportional to the magnetic induction:
v(r) = (VI4m){1ir® = 3r'r /r%}, [7] Bin = wo{Ho+ M + 8H}
= mofl + X(S) = X (r, S) - x(S)HHo, [8]

whereV is the volume of the sphere and the originrds the i
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where the sum is over all the regions shown in Fig. 1. One chattice. S, aineriS the outer surface of the sample container. |
define a shift tensor as Scontainer!S @ Sphere, Eq. [13] is zero.

5(r) = x(S) = 3 ¥(r, $)x(S). [9] EXPERIMENTS
' Ba(C,DsS0,), - 2H,0 was prepared according to the liter-
ature @1). Twenty milliliters of ethanolds were added to 18

This shift tensor includes the Fermi contact term, ml of sulfuric acid with stirring and cooling and the solution

Seen= 2 (S0 (1o} Wwas stirred for 2 days at 40°C. The solution was neutralized t
con ™ 3 X1/ adding BaCQ with cooling to 0°C and the precipitate of
BaSQ, was removed by centrifugation and filtration. White
and the paramagnetic dipolar shift term, crystals precipitated when the solution was concentrated. R
A ~ crystallization from water gave 17 g of Baf0;S0,), - 2H,0.
— 5 __ 31.,ion
Bap = (1/4m) 2 {3rirdri— LIrhxi”, [11] | anthanide ethylsulfates (LngDsSO;)s - 8H,0, Ln = Pr, Yh)

KeS were prepared by stirrn5 g of thebarium ethylsulfate with

ion - o _ the corresponding amount of lanthanide sulfates in 20 ml
where;" is the susceptibility tensor of thiih paramagnetic \yater 2). After removal of the precipitate of barium sulfate,
ion in S;, andr, is the vector from the observed nuclei to thgne solution was concentrated by evaporation at room tempe

kth paramagnetic ion. These two terdyg, and b, are deter- atyre to give the lanthanide compounds, which were purifie
mined by the molecular and crystal structures. The rest{§ recrystallization from water.

defined as a BMS shift tensor, which depends on the packinga| the 'H and 3C NMR experiments were performed at

of a polycrystalline sample or the shape of a sample containgfom temperature on a CMX300 spectrometer operating

The BMS shift tensor due to this polycrystalline effect i800 46 and 75.56 MHz fotH and3C, respectively, with a 7.5
defined for a spherical sample container and is given by & spinner double resonance probe supplied from Chema
netics. The RF field amplitude used for all the experiments we

Sgc’)\;)g:ryst(r) = (1/4) E pj[3(rj _ r)(trj _ tr)llrj _ r|5 50—60 kHz for both*H andlBC. ' '
i As reported on europium acetate and sodium neodymiu

N ethylenediaminetetraacetat23), continuous-wave (CW}H

= U/Ir; = r PIx4 Veryso [12] decoupling was found not to be effective to the lanthanid

ethylsulfates because of the wide spread'Hf resonance

wherer; indicates the position of the center of tfib crystal- frequencies caused by the paramagnetic ions. The staic
lite, ¥, is the volume susceptibility of thgh crystallite, and NMR spectra of the lanthanide ethylsulfates were recorde
Veryst IS the volume of the spherical crystallifg.is a random ungler frequency-switchetH degoupling, whose frequency is

variable which takes 0 or 1, and the averageppfover | switched everyr among three differentH offsets,—f, 0, and

corresponds to a packing probability The summation over f, while the phase and the amplitude are kept constant. The tir
is taken for all the crystallites in a spherical sample containgrwas fixed to them-pulse length on resonance. The offse
except the crystallite which contains the observed nucleus.ffequencyf was chosen to maximize the amplitude of a Hah
Ref. (10), the effect of this crystallite is also included in theecho observed under the frequency-switched decoupling. F
BMS shift. However, our treatment shows that it should H&e Prcompound, the echo amplitude became the largést at
included in the Fermi contact shift. 50 kHz when the RF field strength was 60 kHz. For the Yt
The effect of a container surface is defined as the deviatis@mpound, no significant change of the echo amplitude we

from a spherical container. We subtracted the spherical regi@pserved whefiwas varied. The transverse relaxation tifie
which includes the observed nucleus from the sample contaiMé&s measured using the Hahn echo sequence under the |
(see Fig. 1c). The magnetic susceptibility of the shaded regi@Hency-switchedH decoupling. They were about 2 and 1 ms

is assumed to be isotropic and is giveny§}?'>*™'¢ The BMS for the static powder samples of the Pr and Yb compound
shift tensor is written as respectively. These values were about 100% and 10% long

than theT, in non-decoupling experiments. The CiM de-
al . . coupling gaveT, values between those of the above twc
Sgms™(r) = XV P13 = (I, Scontained - [13] experiments.
We also measured, of the Pr compound under MAS. They
In the above model of polycrystalline samples, the isotropigere in the following order: CW-decoupling (0.6 ms) fre-
susceptibility isyiSOsamPle= 0,740y 50cYS!t where 5°°Ystis  quency-switched decoupling (7 ms) non-decoupling (12
an isotropic volume susceptibility of a individual crystallitems). Thus, we recorded MAS spectra withdtt decoupling.
and the factor 0.74 is the maximum packing density of a FO@ a normal MAS spectrum of the Yb compounds, the spinnin
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sidebands of the methyl and the methylene signals overl&ppendix A, the demagnetizing tensor is uniform in the
severely. We used the five-pulse PASS sequelde2d to plane near the center & 0) of an infinitely long cylinder.

separate sidebands with different orders. When the cylindrical axis is inclined by the magic angle fror
the static magnetic field direction, this uniform shift is zero.
RESULTS AND DISCUSSION Figures 2a and b show that the two coefficie@sand C,

approach to zero when an observed position becomes ap
First we discuss the effect of a sample container onfgpm the top and bottom planes.
static NMR spectrum. We consider here cylindrical and Figures 2a and b can be used to estimate the BMS shift d
spherocylindrical containers with a lengthand a diameter to a cylindrical container with an arbitratyD ratio less than
D; the spherocylinder with. = D is a sphere. The angle10. For example, the shift due to a container wit® = 4 can
between the cylinder axis and the static magnetic field ¢ estimated from those in the region ok6z < 10 in the
assumed to be the magic angle of 54.7°. We used a cylfigures. More than 50% of this sample region is affected by
drical coordinate fixed to the container and calculated tfMS shift of magnitude less than 0.0§°°2™P' Figures 2a
demagnetization tensonr, S.ontaine) @t = (x 0 2), where and b show that the BMS shift becomes large near the top al
x and z are varied within the range of & x = D/2 and the bottom planes of the cylinded7-19. It is shown in
—L/2 = z= L/2. If r is in thexzplane, they-axis is one of Appendix A that the coefficienC, diverges at the edge of the
the principal axes ofi(r, S.onmine). Analytical solutions cylinder. If the whole region of a cylinder is observed, thes:
exist for the integration over the cylindrical axiswithin the regions yield broad components in static spectra and in spi
side plane of either a cylinder or a spherocylinder, as well aing sidebands of MAS spectra. Such broadening can be r
for the radial integration on the top and bottom planes of moved, if the signal only from the central part of a cylinder is
cylinder (16), which are shown in Appendix A. The integralsobserved by using a susceptibility-matched glass spacer or a
over the other coordinates are calculated numerically. In Apelective pulse6, 27). The former technique is used in com-
pendix B, we show that the demagnetizing tensor is symmetfitercial sample tubes for high-resolution solution NMR, but i
for an arbitrary closed surface. The numerically calculatewt popular for solid state NMR. For example, if the regior
tensori(r, S.ontaine) Was almost perfectly symmetric so that thenore than 2.6 apart from the top and bottom planes is
error of the numerical integration must be sufficiently smallobserved, the BMS shift is expected to be less than®10
In MAS NMR experiments, the static magnetic field is¢v® 2™ *from Figs. 2a and b.
inclined by 54.7° from the cylinderical rotor axis, which is To confirm the above results, we measutiddstatic and MAS
parallel to a Helmholtz coil. The unit vector parallel to théNMR spectra b1 M water solutions of Dy(NG); - 9H,0 filled
static field is given bye" = (V2/3cosy,V/2/3siny, 1V/3)in  in cylindrical containers with some/D values, and also calcu-
the coordinate system fixed to the cylinder. The BMS shift igted the spectra for the same sample configurations. The value
given by 590 ppm for the isotropic volume susceptibility of the sample
ySosample as used in the calculation, which was obtained b
SLnEnenMAS— _(C cosy + C,c08 /)OS [14a] a free ion approximatior2@). The results are shown in Fig. 3.
The agreements between the experimental and the calcula
spectra are satisfactory. The full width at half maximun

with (FWHM) of the experimental and the calculated static NMF
Cy= \2/3(re+ ) [14b] spectra, which are expressed in the uniggP-s2mP' are 3
10 2and 6x 10 ?for L/D = 0.8 (a) and (d), 7x 10 3 and
Co = 1/3(vex — vyy) [14c] 3 x 1073 for L/D = 3.3 (b) and (e), and 2.% 10 3 and 3x

10 >for L/D = 12 (c) and (f), respectively. The FWHM of the
Figure 2 shows the contour plots of these coeffici€htand experimental spectrum (c) is much larger than the calculate
C, in a long cylinder /D = 10) and in an almost sphericalvalue, while it is almost equivalent to the value 240 Hz calcu
spherocylinder withL/D = 1.05. The magnitudes of thesdated from the measuref, of 1.3 ms. The MAS NMR spectra
coefficients are comparable in both containers and have tifg(a), (b), (d), and (e) show the spread of spinning sidebant
maximum values near the top and the bottom edges of tiwbich is similar to the envelope of the static spectra. A signif
cylinder or near the side plane of the spherocylinder. Expeirtant number of sidebands are observed even for a contair
mentally it is much easier to make a cylindrical sample comvith L/D = 3.3 (b). However, as shown later, the polycrystal-
tainer than a perfect spherical container. It is advisable to use effect has the magnitude <™ ~ 0.25¢5°°Y*! being
a long cylindrical sample container for colloid and liquidnuch larger thandSa"®” In the present work, we used
crystalline samples and a long cylindrical crystal for singleontainers withL/D ~ 4 for powder samples.
crystal experiments. However, for ordinary powder samples,Next, we calculate the effect of a randomly oriented poly
the polycrystalline effect is much larger than the effect of erystalline sample on the basis of the model described in tt
sample container. As is well knowrl§—19 and shown in previous section and in the referenc)( The lineshape is
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FIG. 2. Calculated distribution of the bulk magnetic susceptibility shift tensor in a cylindrical containetiiitl= 10 (a, b) and in a spherocylinder with
L/D = 1.05 (c, d). The coefficientS, andC, defined by Eq. [14] are shown in (a), (c), and (b), (d), respectively. They were calculated witkisplame (y =
0), wherex andz are the radial and the cylindrical coordinates, and the origin is the center of the container. Only the upper-right quadrant is shown.

assumed to be Gaussian and the FWHM can be obtained from + SBIeRSH(r ) 883 (r)
the second momeml, by using et et
+ 8536 (1) 881 kws (r)]/15} [16]

FWHM = 2/2 In 2M,. [15]
whereap"&,’\jgstr) (j =1, 2, 3) are the principal values of a tensor
When the FCC lattice is assumed to be randomly oriented 2ous Crysﬁr) The magnetic susceptibility tensgl; of each crys-

the static magnetic field, the second moment is given by tallite is assumed to be axially symmetric with a random oriente
tion and a common anisotropy. Figure 4a shows the plot of tt

FWHM scaled by the isotropic susceptibiligd5*c¥s'against a
. . o . cryst __ crys
Mstatic — \/-1 dr 8polycryst )2+ 6p0|ycryst r)? packlng probabllltyp and the anlsotropx&x = (XVH t)/
2 et {LoEEEwET) Z2s (1) x'Seevst The values fory = 0 are quite similar to those reported
| | | in Ref. (L0). In our present calculation, however, the FWHM
853ems (r)?1/5 + [BR0RWS(r) 853 5ms(r ) increases more slowly ady| increases than that shown in Ref.

Veryst
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Experimental Calculated
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FIG. 3. Effect of a cylindrical sample container on static () and MAS (—) NMR spectra. (a), (b), and (c) show #&NMR spectra ba 1 M water solution
of Dy(NO3); - 9H,0 observed at a resonance frequency of 300.46 MHz in cylindrical containers with a lepgtid(a diameter¥) of L = 3.2 mm and./D = 0.8
(@),L = 13.2 mm and_/D = 3.3 (b), and. = 24 mm andL/D = 12 (c), respectively. The length of the RF coil is about 11 mm. (d), (e), and (f) are the calcula
spectra corresponding to the experimental spectra (a), (b), and (c), respectively. The horizontal axis in (d), (e), and (f) represents a BMS shifts scaled by the
volume susceptibility of the sample. The MAS NMR line broadening was given by the Lorentzians lineshapg=with8 ms determined by a Hahn echo experiment.
The static spectra were calculated without any convolution. The spectra (d) and (e) were calculated by assuming that all the region in the cylindrical container wa
while the spectrum (f) was calculated by assuming that 50% of the whole region around the center was excited.

(10). The difference may arise from the fact that Eq. [12] does not To confirm the validity of the above calculations we have
include the contribution of the crystallite which contains theecorded**C NMR spectra of Pr(¢gD;SQ,), - 9H,0 and
observed nucleus. Whep approaches zero, the FWHM alsoYb(C,DsS0O,); - 9H,0. Figs. 5 and 6 show the static NMR
becomes zero, since in this limit there is no crystallite close to tpectra and Figs. 7 and 8 show the MAS NMR spectra. F
observed one enough to cause any line broadening, and insideede samples, the X-ray structural daitd) @nd the magnetic
sphere, the demagnetizing field is uniform. susceptibility datal3—13 of single crystals are available. The
The FWHM of MAS NMR spectra can also be calculated byrystal structure of either compoundR$§,/m with Z = 2, and
assuming the Gaussian lineshape from the second momengach of the two [Ln(HO).]>" ions has the &xis in parallel to
the crystallographic Saxis. Thus, the magnetic susceptibility

R tensor of each ion is proportional to the macroscopic susce
MYAS = Vcrisrj dr [Tr{aBms™*(r)}]%/9. [17] tibility of the crystal when a diamagnetic correction is ignored
Veryst These two compounds have different magnitudes of the anist
ropy Ay, which are 0.03 and-0.24 for the Pr and the Yb
By using Eq. [12] this equation can be rewritten as compounds, respectively.
The theoretical spectra that do not include any BMS broac
MUAS — (X{7°’°'VS‘AX/127T)2VC’§S [j dr[EpJ ening have been calculated as follows: The paramagnetic
Voyst | pole shift tensors are calculated by using Eqg. [11] and added

the chemical shift tensors taken from literatug9,(30. The

principal values of the chemical shift tensor a& ,{ppm,

8,./ppm, 854/ppm) = (29, 16, 5) for a methyl carbon and (86,
where x! is the unit vector parallel to the unique axis »f 79, 31) for a methylene carbon. The principal axes along tt
with a random orientation. Figure 4b shows the FWHM scaledost-shielded directions were assumed to be perpendicular
by [xS>°Y*Ax|. The FWHM increases monotonically as théhe C-C—-O plane. Those along the least-shielded directio
packing probabilityp increases. were assumed to be parallel to the C—-C bond for the meth

X B (= 0OF - 0P — U —rPH2 (18]
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carbon and to the C—O bond for the methylene carbon. The

calculated static NMR spectra of powder samples are shown in

Figs. 5a and 6a. Figures 5b and 6b show the spectra also taken

account of thé*C—?H dipolar interactions between the directly a

bonded*3*C-H spins by assuming the dipolar coupling con-

stants of —1.1 kHz and 3.5 kHz for the methyl and the

methylene carbons. The spectra (b) were convoluted with the

Gaussian lineshapes with some FWHM values, and the results

are shown with the experimental spectra in Figs. 5¢c and 6¢c. The

best fit Gaussian FWHM are 40 and 80 ppm for the Pr and the

Yb compounds, respectively. b
Next we estimated the theoretical values of the BMS

broadening due to the polycrystalline effect. The packing

density of either powder sample was estimated to be 0.8 by

comparing the weight of water and the sample filled in a

rotor. It is slightly larger than the packing density of 0.74 for

spheres in a FCC lattice. This larger density of the real

powder sample can be explained either by the distribution of

& 100
Q4 o
084036 A N B N S B
[ R / 300 200 100 0  -100 -200
0.6 1 032 ppm
(<Y / FIG. 5. Comparison of experimental and calculated stdfic NMR
0.4 spectra of Pr(gD:S0O,), - 9H,0 at the**C resonance frequency of 75.56 MHz.
- (a) is calculated by taking account of the chemical shift and the paramagne
dipolar shift interactions. In addition, tHéC—-H dipolar interactions between
- - the bonded nuclei are included in (b). The solid line (—) in (c) is the
— experimental spectrum observed by a the frequency-swittHedecoupling

with offset frequencies<50, 0, 50 kHz), an RF field strength of 60 kHz, and
a cycle time of 3Qus. After one decoupling cycle &pulse was applied to the
13C spins and the echo signal was observed; 17,280 free induction decays w
accumulated with a recycle delay of 7 s. The probe background signal w.
recorded by separate scans and was subtracted from the observed spect
Gaussian convolutions of the spectrum (b) were calculated with FWHM of 2(
40, and 80 ppm and are shown in (c) by O, (---), and (- - -), respectively.

the crystallite size or by the nonspherical forms of the
crystallites. The theoretical FWHM can be estimated eithe
by usingp = 0.8 and multiplying a factor of 1/0.74 to
xsoeyst or py usingp = 1 and multiplying a factor of
0.8/0.74 tox'$°°™s! These two methods give values for the
FWHM of 55 and 32 ppm for the Pr compound and 90 an
54 ppm for the Yb compound, respectively. In our samples
0.0 N . . water protons are not deuterated. The FWHM due to th
0.0 0.5 1.0 average water protot?C—"H dipolar couplings were calcu-
P lated as 20 and 30 ppm for the methyl and the methyler
carbons, respectively, at the static magnetic field applied |
FIG. 4. The calculated FWHM of static and MAS NMR spectra due to theyyr experiment. If the frequency-switched decoupling use
polycrystalline effect. (a) The FWHM of the static spectrum scaled by thg, the experiments is inefficient and these interactions al

isotropic magnetic susceptibility of the crystgf°-c¥*t is plotted as a function .
of the packing probabilityp and the anisotropy of the magnetic susceptibilit)fetamEd' the average second moment2(20302)/2 ppn?

Ax = (xS — xSYSYlyiseevst (b) The FWHM of the MAS spectrum scaled MUSt be added to the second moment due to the polycry

by [is°°¥SAy| is plotted as a function gd. talline effect. Then the theoretical values of the FWHM for

0.1

FWHMMAS) / 7,** " 47| =
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broadening as pointed out by Raleighal. (23). The effect of
these'H spins on the linewidth of*C MAS NMR spectra
recorded withoutH decoupling can be neglected. In Figs. 7
and 8 the FWHM of the experimental spectra are 1.4 and 1
ppm for the methyl and the methylene carbons of the F
compound, respectively, and 12.5 ppm for both peaks of tt
Yb compound. The theoretical values were calculated to be 1
and 13 ppm for the Pr and the Yb compounds, respectively, ai
agree very well with the experimental ones. We confirm the
Schwerk’s model X0) modified in this work can predict the
BMS line broadening of static and MAS NMR spectra of
paramagnetic solids.

CONCLUSIONS

The expression for the BMS shift tensor has been derived t
removing the contributions from the Fermi contact shift and th

PR [N T T WOUN TN UUN VOO SN ST SN [N ST VAN S T [N TN ST TSNS [N ST WY SO W |

300 200 100 0 -100  -200

ppm
FIG. 6. Comparison of experimental and calculated stdi€¢ NMR ¢\ /4 P
spectra of Yb(GD<SQ,); + 9H,O at the'*C resonance frequency of 75.56 e R PR

MHz. (a) is calculated by taking account of the chemical shift and the

paramagnetic dipolar shift interactions. In addition, tA&-?H dipolar inter-
actions between bonded nuclei are included in (b). The solid line (—) in (c) is 60

the experimental spectrum observed by the frequency-switdheikcoupling ppm
with offset frequencies+50, 0, 50 kHz), an RF field strength of 60 kHz, and

a cycle time of 3Qus. After one decoupling cycle&pulse was applied to the

13C spins and the echo signal was observed; 86,208 free induction decays were
accumulated with a recycle delay of 2 s. The probe background signal was
recorded by separate scans and was subtracted from the observed spectrum.
Gaussian convolutions of the spectrum (b) were calculated with the FWHM of
40, 80, and 120 ppm and are shown in (c) by € (---), and (---),
respectively.

p = 0.8 andp = 1 become 61 and 41 ppm for the Pr
compound and 94 and 60 ppm for the Yb compound, re-
spectively. These values are comparable to the experimental

values.
We have also recordet?C MAS NMR spectra for both
these compounds and show them in Figs. 7 and 8. We observe

the spectra withoutH decoupling becaustH decoupling is

i " " i " i

known to introduce an extra broadening to MAS NMR spectra *
(23). In the Pr and Yb compounds, the anisotropies of the
paramagnetic dipolar shifts of the water protons are very large

200
ppm

and have the values of 800—-1100 ppm and 1600—1800 ppnf/G. 7. *°*C MAS NMR spectrum of Pr(gDsSOy); - 9H,0 at the**C

respectively. The spin diffusion among these protons can FEﬁlﬁonance frequency of 75.56 MHz. The spectrum was recorded by a sin

suppressed owing to the difference in the principal axis dir

tions of the paramagnetic shift tensors. Thus, tie-*H

se without'H decoupling; 5728 transients were accumulated with a recycl
egelay of 10 s. The dotted line is a spectrum calculated by taking account of tl
polycrystalline effect. The line position is shifted for appearance. The spinnin

dipolar broadening can be considered as inhomogene@eguency was 3.1 kHz.
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APPENDIX A

The Demagnetizing Tensor for a Cylindrical
Sample Container

We assume that the length and the diameter of a cylindrical sam|
container are given by = 2l andD = 2R, respectively. We use the
cylindrical coordinate and express a point on the side plane anc
point on the top or bottom plane loy = (R cos¢, Rsin ¢, ) and
rs = (p cosd, p sin ¢, = I), respectively, and calculate the demag-
netizing tensoinr, Syjnged atr = (X, 0,2). The analytical forms of
the tensor components are obtained for the integrationzbegd p
(16), if we recall that the following integrals can be solved by
changing the variable in the integrals fraro 6 usingt = atan 6

J b dt 1 { t, to }
i =2 - y
. (Ja@+t)® a'|B+a® |ti+a

b tdt 1 1
L@+ 1) g+ a g+ a”

PR PRI PRI PRI P |
200 0 -200

ppm wootdt i Bra+n 4 s to
FIG. 8. *¥C MAS NMR spectrum of Yb(GDsSQ,); - 9H,0O at the'*C (\/aZ + 1?3 a \"/tg +aZ+t, \/ti + a2 \Jlté + a2
resonance frequency of 75.56 MHz. The spectrum was recorded by a five-pulSgo ' ‘ ‘

PASS sequence§) without *H decoupling. The spinning frequency was 3.1

kHz; 1024 transients are accumulated for each experiment with a recycle defdye results are given by

of 10 s. The four subspectra show well-resolved sidebands separated by the

four multiples of the spinning frequency. The numbers on the spectra show theVy(I', Seyiinded — Vyy (I Seylinder)
orders of the spinning sidebands. The dotted line is a spectrum calculated by

taking account of the polycrystalline effect. The line position is shifted for R (2 2R C0§¢ —Xcos¢p — R
appearance. ~ 4 R?+ x?— 2Rxcos¢
0

. : . o (-2
dipolar shift. The BMS shift due to the random distributions and X4 > > >
orientations of crystallites in polycrystalline samples has been V(I = 2%+ R*+ x* — 2Rxcos ¢
calculated by modifying the model proposed by Schwetrial. (1 +2)
We eliminated the contribution of the Fermi contact shift from V/(l T 22+ R+ x2— 2Rxcs d>} [A1]

their expression. When the crystallites occupies 80% of a FCC
lattice randomly, FWHM of the static and MAS spectra have been
calculated as 0.345°°"*' (for Ay = 0) and 0.14{5>°Ay, V2T Seyinder)

respectively. Schwerk’s model with our modification has pre- 1 (2= | — 7
" 4r f dd){
0

x2sirtep + (1 — z)?

dicted the BMS broadening of the static spectrum and also the
ABMS broadening of the paramagnetic lanthanide ethylsulfates
very well. ) )

The BMS shifts are also calculated for cylindrical and % [ Rxcos¢ — x*— (I — 2)
spherocylindrical sample containers, of which the cylinder \/RZ + x2+ (I — 2)>— 2Rxcos ¢
axes are directed at the magic angle from the static magnetic | 4 7
field. A long cylindrical container with./D = 10 was found + \/m] + o 5
to have a similar magnitude of the BMS shift as a nearly X*sie + (I + 2)
spherical /D = 1.05) spherocylinder. Since the BMS shift Rxcos¢ — x2— (I + z)?
be_comes large only near the edge of a cylinder, the BMS {\’/Rz +x2+ (I + 2)2— 2RXCOSd
shift due to the sample surface can be removed almost
completely if we use a long cylinder and excite the spins + \,m]}’ [A2]
near the center of the cylinder.
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V(T Siyiinger) The other matrix elements also become zero whenO and
| — 0 in Egs. [A2]-[A4]. The demagnetization tensor inside ar
_ R o 1 infinitely long cylinder is uniform and given by,, = n, =
T Ax cos¢ dd’{ \/(| +2z)2+ R?+ x?2— 2Rxcos¢  1/2,v,,= 0 near the center. The BMS shift is given by
0

1 o 1 |
(- 27+ R+ x*— 2Rx cosd>}' [A3] O™ g (3 cOSO — Ly [A7]

where® is the angle between the static magnetic field and th
1 2 cylinder axis. Wher® is the magic angle, the shift is zero.
Vualls Syinger) = 477f dé On the top plane of an infinitely long cylindex Q 2) = (x
0 01) andl — o, Egs. [Al] and [A2] become zero, while Eq.
[A3] becomes

JR?+ x?— 2Rxcos¢ + (I — z)?
+ R— xcos¢
X2+ (I — z)>— x cos¢

X [ coso|In

sz(ra Scylinder) - - E /R2 + X2 — 2Rx COSd) . [Ag]

RJZW cospde
o V

JR?+ x?— 2Rxcos¢ + (I + z)?
+ R—xcos¢

—1In \Jm — X oS At the edge of the top plane & R), this equation is rewritten as
R cosp{2x%sirte + (I — z)?} 1 2m cos¢
) ~ xsif {2 + (I — 2)%) volls Somaer) = =g | A0 s gy
x%sirtp + (I — z)? 0
1 1 jw 1 - 2 sirt($/2)
X = T ax T sind/2)
\/RZ + x* — 2Rxcos¢ + (I — 2)? Am o sin(¢/2)
R cos¢p{2x3sirtdp + (I + z)2} = —oo, [A10]
— xsitp{x*+ (I + 2)%}
* x%sirtg + (1 + z)? The coefficientC, diverges near the edge of a cylinder.

1

X — APPENDIX B
JR?+ x*— 2Rxcos¢ + (I + z)°

Antisymmetric Part of a Demagnetizing Tensor
22 (1 — 7)2 K2 T (1 o 52
\X +(-2 _ V’_X +(+2) The antisymmetric part of a demagnetizing tensor is given b
x2sirtg + (1 —2)?  x%irfd + (I + 2)?

Vap(r, S) — vg.(r, S)

— X sirtg

[A4]
= (1/477)J|rs_ r|°[(rs—r) X da(rs)],, [B1]
If the cylinder is infinitely long, the demagnetization tensor s
atz = 0 approaches the following:

where @, B, v) = (X, ¥, 2, (Y, Z, %, (z, X, . We show that the

VeI, Seyiinder) = Vyy(Fy Seyiinder) = integral in Eq. [B1] is zero when it is calculated over a close
surface. When the origin is chosen at an observed position
R [? ~2Rcosé — xcosd — R 0, this equation becomes
2 RZ+ x2— 2RxcoS¢ [AS]
0

Vap(r, S) — vao(r, S) = (1/4w)fr§3[rs>< da(rs)],. [B2]

By using the following formula, we can show that this integral s

is zero inside the cylindek|| < R:
We introduce the polar coordinate system and express tl
2n 1 20 vectorrg as follows:
f d¢1+acos¢: W’laKl' [A6]

\/

0 rs = (rssin 6 cosg, rssin b sin g, r<cosh) = r(0, h)es(6, ). [B3I]
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The surface vectoda is given by
da = dedrg/do X dgdrs/dd
= [drg/dfe; + rge, ] X [drs/dde; + rgsin e, ]d6 dep

= [r2sin e, — drg/dérgsin e, — drg/ddrse, Jdo dp, [B4]
where

e, = (cosf cos#, cosh sin ¢, —sinb), [B5]

e, = (—sin ¢, cos¢, 0). [B6]

Equation [B2] can be rewritten as
Vaﬁ(rl S) - VB(J((rl S)

T 2w
= (1/4) J def dorsi(drs/dd)e, (6, d)
0

0

- f ’ dquﬁsin 0d orst(drs/do)e,(d)

0 0

= (1/47)8,,« JW de cosef 7d ¢ cosdp(dInrg/do)

0 0

2w T
+ f de¢ sin d)f sin6 do(dInrg/de)

0 0

+ (1/4m)8,,, fﬂ do cosef ’ do sing(dIn rg/de)

0 0

2 T
—j dd)cosd)j sin6do(d In rg/de) [B7]

0 0
v
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