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An analysis of powder H NMR lineshapes based on the Red-
eld theory reveal an interesting dip at the center of the powder
pectra, that is, at the magic angle b 5 54.7. This extra feature,
hich has completely been ignored in the literature, has interest-

ng dynamic implications. From its presence or absence it is pos-
ible to tell whether the dominant dynamic process causing relax-
tion is fast or slow relative to the inverse of the Larmor frequency,
/v0. The angle-dependent lineshape function is derived in closed

form and the powder spectra are displayed for two typical
cases. © 2000 Academic Press

In textbooks (1), powder deuterium (I 5 1) lineshapes i
solid state NMR are usually described as sums of two o
tation-dependent transitions. For D2O, a typical powder line-
shape of a hydrated “solid particle” such as a liquid crysta
lamellar phase is displayed in Fig. 1A. Generally, one il
trates the2H NMR powder spectra by displaying the sepa
ontributions from the two “independent” transitions descr
y the spin density matrix elementsr(v)1,0 andr(v)0,21. These

ransitions are taking place between Zeeman eigenstatesuI , m&,
namelyu1, 1& 3 u1, 0& and u1, 0& 3 u1, 21&. However, this i
an oversimplification. Such a powder lineshape is an app
imation if one also considers the effect of the Redfield re
ation supermatrix. It is usually not stated that the pow
lineshape of Fig. 1A is only valid undernonextreme narrowin
conditions. A2H powder lineshape derived using the Blo
Wangsness–Redfield theory (BWR) (2) may have an interes
ing extra feature, namely adip at the center of the spectra, i
at themagic anglebLD 5 54.7°, as illustrated in Fig. 1B. Th

ip has been observed for D2O/detergent systems (3) and also
for solid polycrystallinetert-butyl alcohol and when absorb
on zeolite (4), but without recognizing it. The presence
absence of this dip is due to the relative size of nondiag
Redfield relaxation matrix elements and contains impo
dynamic information. For instance, for a simple dyna
model it is possible to tell just by visual inspection whether
dominant dynamic process causing relaxation, described
correlation timetc, is short or long compared with 1/v0. In
terms of the Redfield matrix elements, the presence of
3641090-7807/00 $35.00
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requires that the spectral densityJ0(0) is comparable wit
J1(v 0) and J2(2v). In this communication the2H powder
lineshape function is derived using the BWR theory and
the origin of this dip is explained.

Consider the orientation-dependent resonance freque
which are given by

v1~aLM, bLM! 5 v0 1 vQ~aLM, bLM! [1]

and

v2~aLM, bLM! 5 v0 2 vQ~aLM, bLM!. [2]

There are a Zeeman resonance frequencyv0 and an angle
dependent quadrupolar termvQ. The latter term is half th
quadrupole splitting observed in NMR spectra and is give

vQ 5
3x~2p!

2
uSD2OS0u~d00

2 ~bLM! 1 h cos~aLM!d02
2 ~bLM!!,

[3]

where the Euler anglesaLM andbLM describe the orientation
the director (M) of the solid “particle” (lamellar phase) and
direction of the magnetic field (L) (5). x is the quadrupol
coupling constant (for D2O: x 5 eQ/h Vzz ' 220 kHz);h is
the asymmetry parameter. The order parameters,SD2O andS0,
describe the partial averaged field gradient due to fast
anisotropic reorientation of water molecules outside the i
face (6). The second order parameter describe the ave
order of a bound water site at the water–lipid interface
lamellar liquid crystalline phase (6). The powder lineshap
L(v) is obtained from an average over the angle-depen
lineshapesL 1,0(Dv 1) 1 L 0,21(Dv 2), given by the Fourier
Laplace transform of the reduced spin density matrix elem
r(Dv1)1,0 1 r(Dv2)0,21, whereDv i [ v i(a LM, bLM) 2 v (7);
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L~v! 5 E
0

p

Re~r1,0~Dv1! 1 r0,21~Dv2!!

3 P~aLM, bLM!sin~bLM!dbLMdaLM, [4]

where P(a LM, bLM) is a distribution density function of th
orientations. In the BWR relaxation theory the lineshape f
tion of one site is readily derived. This derivation is here m
in the Zeeman representation in order to more clearly illus
the effect of the Redfield relaxation matrix for powder li
shapes. The equation of motion for the reduced spin de
operator is given by

dr~t!

dt
5 2

i

\
L0r~t! 2 R2r~t!. [5]

owever, it is more convenient to derive the lineshape func
n the frequency domain. We therefore introduce the Fou
aplace transform of the density operatorr(v) 5 * 0

`

r(t)eivtdt. The equation of motion is transformed to

r~0! 5 S i

\
L0 2 iv 1 R2Dr~v!. [6]

The nondiagonal spin–spin Redfield relaxation matrix r

R2 5 S R1010 R10021

R02110 R021021
D . [7]

The Redfield supermatrix elements ofR2 are defined in term
of spectral densities as

FIG. 1. The powder NMR2H lineshape in a magnetic fieldB0 5 2.36 T
100 MHz),x 5 220 kHz,h 5 0 and at two correlation times: (A)tc 5 60 ns

SD2O 5 0.1, S0 5 0.1 and (B)tc 5 1 ns,SD2O 5 0.4, S0 5 0.1, andvq been
reduced by a factor of 10 compared with (A). The dip disappears u
nonextreme narrowingconditions.
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R10021 5 R02110 5
3

10
~xp! 2~ J1~v0!! [8]

and

R1010 5 R021021

5
3

20
~xp! 2~3J0~0! 1 3J1~v0! 1 2J2~2v0!!. [9]

The spectral densities used in this work are quite simple
instance, angular dependence is ignored, as well as a de
dynamic model for the field gradient time correlation funct
We focus on the slow dynamics. However, for illustrating
origin of the dip this is not a serious approximation. The m
spectral density, ignoring the contribution due to fast l
water reorientation ((12 SH2O

2 )t f, where (t f ' 5–50 ps), is
given by

Jn~nv! 5 ~SH2O! 2~1 2 ~S0!
2!

tc

~1 1 ~nvtc!
2!

, [10]

which is reduced by two order parameters reflecting the
stricted motions of water molecules and the order of
“bound” water sites at the interface.tc is a correlation tim
which characterizes the slowest active dynamic process.
bining the Redfield relaxation matrix with the diagonal
quency matrixL 0, which includes the Zeeman matrix and
static quadrupole interaction matrix, we obtain the matrix

i

\
~L Z

0 1 L Q
0 !) 2 ivE 1 R2

5 S iv0 1 ivQ 2 iv 1 R1010 R10021

R02110 iv0 2 ivQ 2 iv 1 R021021
D

[11]

and the matrix equation from which we derived the linesh
function is the obtain from Eq. [6] after a matrix inversion

S r10~Dv1!
r021~Dv2!

D
5 Siv0 1 ivQ 2 iv 1 R1010 R10021

R02110 iv0 2 ivQ 2 iv 1 R021021
D 21

3 S r10~0!
r021~0!D . [12]

The angle-dependent deuterium lineshape functio
L(v, b LM) 5 Re[r1,0(Dv1) 1 r0,21(Dv2)], which gives the2H
NMR spectrum obtained after an ordinary 908y or 908x–t–908y
pulse experiment. This lineshape function of one orientati
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readily obtained in closed form, Eq. [12], with the init
conditionsr1,0(0) 5 1

2 andr0,21(0) 5 1
2,

r1,0~Dv1! 1 r0,21)~Dv2!

5
~R1010 2 R10021 1 i ~v0 2 v!!

v Q
2 1 R1010

2 2 R10021
2

1 2i ~v0 2 v! R1010 2 ~v0 2 v! 2

, [13]

herevQ is given in Eq. [3].
The powder2H lineshape is obtained by inserting the an

dependent lineshape function, Eq. [13], into Eq. [4]. Note
the density operatorsr10(v) and r021(v) are not generall
eigenoperators of the total Liouville superoperatorLZ

0 1 LQ
0 2

R of Eq. [11]. In the extreme narrowing regime, the o
diagonal elementR10021 is 1

4 of the diagonal Redfield matr
elementR1010. The relaxation effect is maximum at the ma
angle, where the quadrupole splitting term vanishes. In
nonextreme narrowing regime, whenJ0(0) @ J1(v 0),
J2(2v 0), the Redfield relaxation matrix is also approxima
diagonal at the magic angle and thus the powder lineshape
not show the dip.

Calculations based on the derived powder lineshape fun
(cf. Eq. [13]) reveal the lineshape dip at relatively fast dyn
ics,tc , 1/v0, and its disappearance as the dynamics is slo
down. In Fig. 1 the2H-powder NMR lineshapes are display
for two correlation times: in Fig. 1Atc 5 60 ns,SD20 5 0.1,
S0 5 0.1 compared with Fig. 1B, wheretc 5 1 ns,SD2O 5 0.4,
S0 5 0.1 andvq has been reduced by a factor of 10 comp
with Fig. 1A. In Fig. 1B extreme narrowing conditions prev
and the dip is present. When the dynamics is slower
approximatelytc 5 60 (for a 100 MHz spectrometer) the d
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disappears. The presence of the dip can also be explain
the fact that the satellites of a quadrupole split spect
slightly narrow compared with the isotropic case. TheT2 of the
two satellites is given by3

20 (xp) 2(3J0(0) 1 3J1(v 0) 1
2J2(2v 0)) of Eq. [9], whereas for an isotropic spectra (or at
magic angle), theT2 is given by the spectral combinati
3
20(xp) 2(3J0(0) 1 5J1(v 0) 1 2J2(2v 0)).

We believe that these new findings may be important w
2H2O-powder NMR lineshapes of liquid crystals phases, p-
mer solutions, and polycrystalline systems are analyzed
presence of a dip gives a simple visible indication of
dynamics present in the system.
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