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Relaxation calculations for rapidly spinning samples show that
spin–lattice relaxation time (T1Z) anisotropy varies with the angle
between the rotor spinning axis and the external field. When the
rate of molecular motion is in the extreme narrowing limit, the
measurement of T1Z anisotropies for two different values of the
pinning angle allows the determination of two linear combina-
ions of the three static spectral densities, J0(0), J1(0), and J2(0).

These functions are sensitive to molecular geometry and the rate
and trajectory of motion. The utility of these linear combinations
in the investigation of molecular dynamics in solids has been
demonstrated with natural abundance 13C NMR experiments on
ferrocene. In an isolated 13C–1,2H group, the dipole–dipole inter-
ction has the same orientational dependence as the quadrupole
nteraction. Thus, the spectral densities that are responsible for
ipolar relaxation of 13C are the same as those responsible for
euteron quadrupolar relaxation. For ferrocene-d10, deuteron T1Z

and T1Q anisotropies and the relaxation time of the 13C magic angle
spinning peak provide sufficient information to determine the
orientation dependence of all three individual spectral
densities. © 2000 Academic Press

Key Words: carbon; ferrocene; motion; relaxation; anisotropy.

INTRODUCTION

Measurements of deuteron spin–lattice relaxation time
solids provide detailed information about the rates and tr
tories of molecular motion (1). This method is especial
powerful because the wide powder patterns that result
inhomogeneous broadening by the quadrupolar interactio
cilitate measurements of the orientation dependence (a
ropy) of the relaxation times. Moreover, the orientation de
dence of individual spectral densities can be determined
measurements of the deuteron relaxation times of Ze
order,T1Z, and quadrupolar order,T1Q (1). Here, we conside
the possibility of devising an appropriate set of natural a
dance13C relaxation experiments to provide the same leve
detailed motional information as that available from deut
relaxation studies.

For some systems carbon and deuteron relaxation da

1 To whom correspondence should be addressed. E-mail: rlv@as.w
ax: (757) 221-3540.
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complimentary. The dipolar interaction which dominatesC
relaxation in a13C–1H group is axially symmetric. Vibration
averaging can lead to an asymmetric averaged tensor; how
this effect is typically small. Quadrupole tensors for13C–2H

roups are also very nearly symmetric. The dipolar and
rupolar tensors have their largest components oriented

he 13C–1,2H bond. Since these tensors have the same ori-
tions and nearly the same symmetry, they yield mag
fluctuations with the same frequency components when
internuclear vector changes orientation. Thus, for an iso
13C–1,2H group, the spectral density anisotropies of the ca
and deuteron are identical.

Quantitative determination of motion by13C nuclear spin
lattice relaxation time anisotropy presents some challe
Static 13C spectra consist of chemical shift anisotropy (C
powder patterns. When more than one chemically and ma
ically distinct 13C nucleus is present in the sample, the ove
of powder patterns often prevents the unambiguous mea
ment of the orientation dependence ofT1Z. Magic angle spin-
ning (MAS) is routinely used to improve the resolution
solid-state13C NMR spectra. However, since the powder-
terns are coherently averaged to give sharp lines at the iso
chemical shifts, they contain no orientational informat
While isotopic enrichment could be used to produce sp
dominated by one powder pattern, intermolecular13C–13C spin
diffusion would likely equalize relaxation times, destroying
desired anisotropy. Two-dimensional (2D) techniques suc
PHORMAT (2) or VACSY (3) provide CSA powder pattern
separated in the second dimension on the basis of iso
chemical shift. If such a 2D pulse sequence is preceded
inversion pulse and variable relaxation delay, the resultin
of partially relaxed 2D spectra may provide some informa
about orientation-dependent relaxation times. A later secti
this paper considers how the experimental conditions imp
by such experiments influence the observed relaxation
anisotropy.

A second problem is that a large number spectral den
can contribute to carbon relaxation. For deuterons, only
spectral densities from the autocorrelation of the quadru
interaction are important. For carbon relaxation, spectral
sities that arise from auto- and cross-correlations of chem
du.
1090-7807/00 $35.00
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230 VARNER, VOLD, AND HOATSON
shielding anisotropy, spin rotation, and dipolar couplings
need to be considered. Even for the simple case of an iso
13C–1H spin pair relaxed only by a time-dependent dipo
dipole coupling, three spectral densities must be determ
For more complex carbon–proton spin systems significan
ditional spectral densities arise from cross-correlation or i
ference between different pairwise dipolar interactions (4). For
many motional processes, the anisotropies of different sp
densities have the opposite sense and consequently the
sponding relaxation times show a reduced dependenc
orientation. It is therefore important to measure as many
ferent linear combinations of spectral densities as pos
Ideally, enough independent measurements should be m
permit determination of the anisotropy of each individual s
tral density. In liquids, significant progress has been m
toward this goal by designing selective excitation pulse
quences to prepare the spins in appropriate initial states (4–7).
However, solid samples are far more challenging bec
extensive dipolar coupling and line broadening compli
such selective excitation (8).

In this paper, expressions for the fast limit spectral dens
of spinning samples are derived. These expressions are u
show how two independent linear combinations of the spe
densities may be determined. In addition, a method is pres
for measuring all three spectral density anisotropies inde
dently, using the deuteronT1Z andT1Q anisotropies and the13C
MAS T1Z. Experimentally determined linear combinations
13C spectral densities are presented for unlabeled ferro
Finally, the orientation dependence of the three indivi
spectral densities, determined by conducting experimen
natural abundance13C and deuterated ferrocene, is shown

CALCULATIONS

In the extreme narrowing limit, for relaxation dominated
the dipole–dipole mechanism, the13C Zeeman relaxation ra
is given by a linear combination of spectral densities (9),

R1Z 5
1

T1Z

5
Nv D

2

2
@ J0~v I 2 vS! 1 3J1~v I! 1 6J2~v I 1 vS!#,

[1]

whereN is the number ofI spins (protons, in this case) direc
bonded to the relaxingS spin (carbon), andvD 5 g IgS\^1/

IS
3 &, the dipolar coupling. The angular brackets indicate

the factor 1/r IS
3 is averaged over vibrational motions which

oo fast to contribute appreciably to the spectral dens
ross-correlation between different13C–1H vectors is ignore

in this calculation.
For deuterons, relaxation is induced by fluctuations in
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quadrupole interaction. In this case the relaxation rate of
man order is given by (10)

R1Z 5
3p 2

2
x 2@ J1~v0! 1 4J2~2v0!#, [2]

where x 5 e2qzzQ/h is the quadrupole coupling consta
Here, e is the electronic charge,qzz is the largest principa
component of the electric field gradient tensor, andQ is the
quadrupole moment of the deuteron. As with the dipolar
pling constant, the quadrupole coupling constant is aver
over fast vibrations. Relaxation of quadrupolar order is
scribed by a single spectral density,

R1Q 5
9p 2

2
x 2J1~v0!. [3]

The normalized spectral densities are defined as Fo
transforms of the autocorrelation functions,

Jm~v! 5
1

@T0
~2!~PAS!# 2 E

0

`

^Tm
~2!~LAB, t!

3 Tm
~2!*~LAB, t 1 t!&e2imvtdt, [4]

where Tm
(2) (LAB) is the relevant interaction tensor in t

laboratory coordinate system. This tensor is found by a t
formation of coordinate systems from the principal axis sys
(PAS), where the tensor is diagonal, to the laboratory co
nate system through the Euler anglesVPL 5 (aPL, bPL, gPL).

Spectral Densities of Spinning Samples

In this section, Eq. [4] is evaluated to determine the spe
densities in a spinning sample. The transformation from
to LAB is performed as a series of rotations involving th
intermediate coordinate systems: the molecule-fixed co
nate system (MOL), the crystal-fixed coordinate sys
(CRYS), and the rotor-fixed coordinate system (ROT). Br
ing up the transformations this way separates the time-d
dent and time-independent transformations. The succe
transformations of the coordinate system from PAS to L
may be summarized as

PASO¡

VPM

MOLO¡

VMC~t!

CRYSO¡

VCR

ROTO¡

VRL~t!
LAB.

he PAS is fixed in the molecule, so the PAS to MOL tra
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231CHARACTERIZATION OF MOTION BY 13C RELAXATION TIMES
formation,VPM, is time independent. The CRYS to ROT tra-
formation,VCR, is also time independent since the samp
stationary with respect to the rotor. The time dependence o
system is contained in the remaining transformations.
spinning rotor leads to a coherently time-dependent RO
LAB transformation, VRL(t) 5 (aRL(t), bRL, gRL)), while
andom molecular motion is responsible for the time de
ence of the MOL to CRYS rotation,VMC 5 (aMC(t), bMC(t),

gMC(t)). The transformationVMC(t) is of particular importanc
since its time dependence describes the fluctuating local
netic fields that induce relaxation.

For spherical irreducible tensors, the successive transfo
tions that take the dipolar tensor from PAS to LAB are
formed by summing over Wigner rotation matrix eleme
Thus, the spectral densities are written

Jm~v! 5
1

@T0
~2!~PAS!# 2 O

a,a9522

2 O
b,b9522

2 O
c,c9522

2 O
d,d9522

2

E
0

`

^D am
~2!~V RL~t!! D a9m

~2!* ~V RL~t 1 t!!

D ba
~2!~V CR~t!! D b9a9

~2!* ~V CR~t 1 t!!

D cb
~2!~V MC~t!! D c9b9

~2!* ~V MC~t 1 t!!

D dc
~2!~V PM~t!! D d9c9

~2!* ~V PM~t 1 t!!

Td
~2!~PAS!Td9

~2!* ~PAS!&e 2 imvtdt. [5]

ince the dipolar tensor is a second-rank tensor interactio
ummations over Wigner matrix elements will be from22 to
. These limits will be omitted in subsequent equations.
Several assumptions can be made to simplify Eq. [5]. Fo

xially symmetric dipolar interaction, only theT0
(2) (PAS)

component is nonzero. Two of the transformations are
independent so the corresponding Wigner matrix elements
be removed from the integral. Also, since molecular motio
a stationary Markov process, the timet can be set to ze
without loss of generality. With these modifications the s
tral densities become

Jm~v! 5 O
a,a9

O
b,b9

O
c,c9

D ba
~2!~VCR! D b9a9

~2!*~VCR!

3 D 0c
~2!~VPM! D 0c9

~2!*~VPM!

E
0

`

^D am
~2!~VRL~0!! D a9m

~2!*~VRL~t!!

D cb
~2!~VMC~0!! D c9b9

~2!*~VMC~t!!&e2ivtdt. [6]

For most physically reasonable situations the equations m
further simplified by recognizing that the rotor period is lo
is
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compared to the correlation time but short compared to ty
13C relaxation times. Correlation times are generally on
order of picoseconds, and rotor periods are typically tent
milliseconds. Thus, the rotor may be considered stationar
the time period in which the integrand is nonzero. This
motion approximation allows the Wigner matrix elements
the VRL transformation to be taken outside of the integ
Carbon relaxation times are generally longer than a few
onds; while the nuclei relax, the rotor undergoes thousan
rotations. Thus, the relaxation times depend on spectral d
ties averaged over a rotor cycle. For this situation the RO
LAB transformation is determined completely by the an
between the rotor axis and the external field,bRL. Thus, the
following identity is valid:

^D am
~2!~VRL~0!! D a9m

~2!*~VRL~t!!& 5 udam
~2!~bRL!u 2da,a9. [7]

Assuming uniaxial motion about the molecule-fixed axis,
MOL to CRYS transformation is reduced to a simple rota
about that axis. For this this type of motion, the expressio
the spectral densities is simplified since

^D cb
~2!~VMC~0!! D c9b9

~2!*~VMC~t!!&

5 ^e2ibaMC~0!eib9aMC~t!&db,cdb9,c9. [8]

Torchia and Szabo (9) denote correlation function of the MO
to CRYS transformation by

Gb,b9~t! 5 ^e2ibaMC~0!eib9aMC~t!&. [9]

This function has been evaluated for a variety of axial moti
models in Ref. (9).

Making these assumptions, the expression for the sp
densities in a spinning sample can now be written as

Jm~v! 5 O
a

O
b,b9

udam
~2!~bRL!u 2D ba

~2!~VCR! D b9a
~2!*~VCR!

D 0b
~2!~VPM! D 0b9

~2!*~VPM! E
0

`

Gb,b9~t!e2imvtdt. [10]

For jump models with five or more equally populated s
G b,b9 is diagonal (9), and the spectral densities become

Jm~v! 5 O
a,b

udam
~2!~bRL!u 2udba

~2!~bCR!u 2ud0b
~2!

3 ~bPM!u 2 E
0

`

Gb,b~t!e2imvtdt. [11]

For this study, Eq. [11] has been evaluated numerically
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232 VARNER, VOLD, AND HOATSON
variety of molecular geometries and models of molecular
tion. Relaxation time anisotropies calculated from these s
tral densities were studied and compared to measureme
ferrocene.

Comparison to Static Spectral Densities

In the fast motion limit, the spectral densities for a spinn
sample depend on a number of time-independent transfo
tions. For the PAS to MOL transformation,bPM is fixed by
molecular geometry. The spinning angle,bRL, can be adjuste
in the probe. However, for a powder sample, each cryst
has a pair of angles (bCR andgCR) that describe the CRYS
ROT transformation. These angles determine the position
crystallite’s spectral line in the CSA powder pattern o
spinning sample. For a static sample the rotor frame is om
from the transformations. Thus, for arbitrary correlation fu
tions,G b,b9(t) (9), the expression for the static spectral dens
is

J9m~v! 5 O
a

O
b,b9

D ba
~2!~VCL! D b9a

~2!*~VCL! D 0b
~2!~VPM! D 0b9

~2!*~VPM!

E
0

`

Gb,b9~t!e2imvtdt. [12]

If the ROT to LAB transformation is omitted from Eq. [1
then the expression for the spinning spectral densities re
bles that for the static case. The only difference is that the E
angleVCR appears instead ofVCL when the sample is spinnin
In a static sample, the spectral frequency depends onVCL in the
same way as the frequency in a spinning sample depen
VCR. The relationship betweenJm(v) andJ9m(v) is expresse
imply if orientation rather than chemical shift is used
dentify a point on a lineshape,

Jm~v, bCR! 5 O
a

udam
~2!~bRL!u 2J9a~v, bCL!. [13]

his expression shows that for each point on the linesha
spinning sample the spectral densities are linear combin
f the spectral densities for the corresponding point on
tatic lineshape.
The frequency for crystallites oriented at some partic

alue ofbCR is the same as that for 180°6 bCR and 360°2 bCR.
In general, spectral densities do not have such high symm
Two values ofbCR that give the same spectral frequency m
yield different spectral densities. If this is the case then re
ation is multiexponential.

Linear Combinations of Spectral Densities

If the motional rate (jump rate or diffusion coefficient)
much higher than the relevant combination of Larmor freq
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cies, the spectral densities are effectively independent o
quency,Jm(v) ' Jm(0). Whenthis extreme narrowing co-

ition is met, the spinning spectral densities can be writte
erms of their static counterparts,J90(0), J91(0), andJ92(0). In
this case, the expression forR1Z in a spinning sample can
written in terms of the static spectral densities and the spin
angle,

R1Z~bRL! 5
Nv D

2

2 F1

2
~5 2 3 cos2~bRL!!J90~0!

1
1

2
~9 2 3 cos2~bRL!!J91~0!

1 3~1 1 cos2~bRL!!J92~0!G . [14]

Thus, the relaxation rate is a linear combination of the s
spectral densities with coefficients determined by the spin
angle. This suggests a method for determining the static
tral densities from spinning relaxation time anisotropies
measuring relaxation time anisotropies for a variety of spin
angles a set of equations could be constructed and solv
give the static spectral densities. However, rearranging
[14] yields a term that depends on the spinning angle a
constant term,

R1Z~bRL! 5
Nv D

2

2
@A 1 B cos2~bRL!# [15]

where

A 5
5

2
J90~0! 1

9

2
J91~0! 1 3J92~0! [16]

nd

B 5 2
3

2
J90~0! 2

3

2
J91~0! 1 3J92~0!. [17]

hus, only two linearly independent combinations of the s
pectral densities can be determined from experiments
ormed with a variety of spinning angles.

These two linear combinations,A and B, are easily dete
mined from experimental data by recognizing that

A 5 R1Z~908!
2

Nv D
2 [18]
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233CHARACTERIZATION OF MOTION BY 13C RELAXATION TIMES
and

B 5 ~R1Z~08! 2 R1Z~908!!
2

Nv D
2 . [19]

t is impractical to perform a spinning experiment withbRL 5
0° since this would place the coil of the probe parallel to
external field and give no signal. However, evaluation of
[13] for bRL 5 0° shows that, for this case, the spec
densities in a spinning sample are identical to those in a
sample. Thus the linear combinationsA and B can be dete
mined by measuring the relaxation time anisotropy in a s
sample and a sample spinning about an axis perpendicu
the external field. If there is some overlap of powder patt
in the static spectrum it may be possible to choose a diff
pair of rotor angles such that the CSA powder patterns
resolved but still wide enough to allow determination of re
ation time anisotropies.

For a sample spun at the magic angle (bmagic 5 cos21(1/
3)), powder patterns are collapsed to narrow lines at

isotropic chemical shifts. All crystallite orientations contrib
to a frequency range that is narrower than the homogen
linewidth. Clearly, it is impossible to measure the relaxatio
differently oriented crystallites from such a lineshape. If
correlation function,G b,b9(t), is diagonal there is no relaxati
ime anisotropy in a sample spinning at the magic angle
he MAS relaxation time is independent of orientation. E
ation of Eq. [14] forbRL 5 bmagic yields

R1Z 5 Nv D
2 @ J90~0! 1 2J91~0! 1 2J92~0!#. [20]

his combination of spectral densities is not linearly inde
ent ofA andB, but it is experimentally accessible even
omplicated spectra.
The relaxation time of the MAS peak can be used in

unction with deuteron relaxation times to determine all th
pectral densities. Although this strategy requires isotop
eling for the deuteron experiments it has the advantage
AS enhances resolution and signal-to-noise ratio in the
on experiments. It should be stressed that the relaxation
nisotropy vanishes for magic angle spinning only when
orrelation function is diagonal, as it is for jump motion w
ve or more sites equivalent sites or for free rotational d
ion (9).
Although carbon dipolar relaxation and deuteron quadr

ar relaxation depend on the same spectral densities (t
xtent that they can be treated as axially symmetric),
elaxation rate expressions involve different coup
trengths. The deuteron quadrupole coupling constant m
etermined, with reasonable accuracy, from the width

ow-temperature powder pattern. However, determining
ipolar coupling between a13C nucleus and a nearby proton
ot so straightforward.13C–1H pairs are rarely sufficient
e
.
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isolated that a dipolar powder pattern can be measured.
dipolar relaxation rates depend on the sixth power of
internuclear distance,r CH

6 , the calculated rates depend se-
tively on this value. A recent paper by Hardyet al. (11)

emonstrates that care must be taken when using pub
ond lengths, since measurements made with different
iques are averaged differently by vibrations of the nu
eutron scattering yields a vibrationally averaged bond len

r &. However, the average dipolar coupling,vD, is determine
by an effective bond length of^1/r CH

3 &21/3. In general, these tw
vibrational averages differ from each other and from the e
librium bond length,r e. For typical molecular potentials,r e ,
^r & , ^1/r CH

3 &21/3 (11–13).

elaxation Time Anisotropies in Two-Dimensional
Experiments

When the overlap of13C powder patterns prevents accu
measurement of chemical shift anisotropies, 2D technique
often be used to separate the anisotropic lineshapes. A nu
of experimental techniques are available for separating
powder patterns on the basis of their isotropic chemical
values (14). This suggests that the incorporation of an in
sion pulse and a relaxation delay into these experiments w
allow the measurement of relaxation time anisotropy of
chemically distinct carbon. However, the effect of sam
spinning on relaxation time anisotropy must be kept in m

The fact that relaxation time anisotropy depends on spin
angle complicates the measurement of partially relaxed po
patterns with variable angle correlation spectrosc
(VACSY). In a VACSY experiment, the anisotropic chem
shift is scaled by varying the spinning angle. The imp
assumption is that the only difference between the sp
taken at different spinning angles is that the widths of
powder patterns are scaled. For partially relaxed spectra
assumption is not valid. The relaxation time anisotropy
VACSY powder pattern is not related in any simple way to
anisotropies at each of the various spinning angles. How
for axial motional models, simulations show that the aniso
pies for bRL , bmagic offset those forbRL . bmagic, yielding
virtually no relaxation anisotropy for the set of partially rela
VACSY powder patterns.

Some 2D experiments are performed with MAS using ro
synchronized pulses to disrupt the averaging of the che
shift (15). If the sample is spun at the magic angle during
elaxation delays, the measured relaxation anisotropy wi
ect the averaging of the spectral densities that occurs
AS. For many motional trajectories no anisotropy would
bserved. Even typical magic angle turning frequencies (a
0 Hz) yield rotor periods that are short compared to m
arbon relaxation times. The magic angle hopping experi
16) also suffers from this problem since the rapid 120° ju
lso cause averaging of the spectral densities.
For spinning angles other than the magic angle, relax
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234 VARNER, VOLD, AND HOATSON
time anisotropies could be measured by storing magnetiz
along the z-axis and quickly reorienting the rotor for t
elaxation delay, after which the spinning axis would be
urned to the magic angle and the pulse sequence for mea
he 2D spectrum executed as usual. This technique is co
ble with the magic angle flipping 2D experiment (17) in which
he spinning axis is reoriented to allow evolution under
nisotropic chemical shift. By performing this modified ma
ngle flipping experiment twice, using different spinning
les during relaxation, two linear combinations of the s
pectral densities could be determined for each carbon li
he spectrum. This technique would allow high-fidelity inf
ation about molecular motion to be obtained for com

ystems.

roperties of Calculated Anisotropies

Some interesting properties of the spectral densities of
ing samples may be found by studying the calcul
nisotropies. While the spectral density anisotropies de
trongly on the motional rate, number of sites, and orient
f the dipolar tensor, the calculated relaxation time (T1Z)

anisotropies often show little sensitivity to the motional mo
To illustrate this, the results of calculations for two motio
models are presented in Fig. 1. The first column (Figs. 1a
and 1e) shows the results for a five-site nearest neighbor
model withbPM 5 90°. This model is appropriate for ferroce
The results in the second column are for a three-site mode
bPM 5 70.5°, typical of a methyl group.

In both cases, the motion is assumed to be in the ext
narrowing limit. Thus, the CSA powder patterns are ax
symmetric with the greatest intensity arising from perpen
ularly oriented crystallites,bCR 5 90°. The chemical shieldin
of this spectral position is denoteds'. The weak shoulder o
the lineshape is from crystallites that have theirz-axes nearl
parallel to the rotor axis (bCR ' 0°) whose shielding is denot
s\. Although spinning the sample scales the powder patte
a factor of d00

(2)(bRL) 5 (3 cos2 bRL 2 1)/2, correspondin
positions on the lineshapes have the samebCR value. Static
amples are treated as samples spinning atbRL 5 0 since

spinning at this angle has no effect on the spectrum. Fo
casebCR 5 bCL. For consistency, the angle that determines
spectral frequency will be calledbCR throughout the remaind
of this paper. The variables 5 2

3 (s \ 2 s ')d00
(2)(bCR) 1 s iso is

used to denote frequency.
Figures 1a and 1b show that the calculated static sp

densities plotted as a function ofs are quite distinct for thes
wo models. In both cases the spectral densities, like the
requencies, are found to depend only on the anglebCR. The
ymmetry of the ferrocene spectral densities is such thatJm(0,

bCR) 5 Jm(0, n1808 6 bCR), wheren 5 0, 1, 2, . . . . Thus
or every frequency on the powder pattern there is a uniqu
f three spectral densities and a unique relaxation time. H
ver, for the methyl spectral densities, the symmetry relati
on
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Jm(0, bCR) 5 Jm(0, n1808 1 bCR). Although crystallite
oriented atbCR and (180°2 bCR) have the same NMR fr-
quencies, they have different spectral densities. This im
biexponential relaxation. Even though the individual spe
densities forbCR and (180°2 bCR) are different, the linea
combination which determines the relaxation time,T1Z, is the
same for both orientations. Thus, in the extreme narro
limit, the relaxation of each point on a methyl powder pat
is a single exponential function (9).

Although the linear combinations,A andB (defined in Eqs
[16] and [17]), are not as distinctive as the individual spe
densities, they do allow these two models to be easily d
guished, as shown in Figs. 1e and 1f. The most notable d
ence in the anisotropies is seen at the parallel (bCR 5 0°, s 5
s\) edge of the CSA powder pattern. At this pointA andB have
the same value for the ferrocene calculations, but are si
cantly different for the methyl spectrum. As with theT1Z

anisotropies,A andB do not depend on thebCR quadrant fo
either model. While it is unlikely that a relaxation experim
would be needed to distinguish methyl rotation from five-
jumps, the differences in these particular linear combina
of spectral densities highlight an important feature: the de
of separation betweenA and B at the parallel edge is sen
tively dependent onbPM, the angle between the13C–1H vector

nd the motional axis.

EXPERIMENTS

Experiments were performed on a homebuilt spectrom
with a Tecmag Libra pulse programmer and a 7-T Ox
superconducting magnet. The Larmor frequency is 75.46
for 13C and 300.07 MHz for1H. The natural abundance fer-
ene sample consisted of 103 mg of the material ground
ne powder and packed into a 5-mm rotor. A Doty Scien
SI-313 MAS probe, with a manually variable spinning an
as used to collect the data presented here. Samples wer
t approximately 4 kHz. The precise values of the angles

n the off magic angle spinning (OMAS) experiments w
etermined by comparing the widths of the spinning chem
hift powder patterns to the static lineshape. The anisot
ineshape parameters were determined by a least-squares
outine that uses the SUMS powder pattern calculation
ithm (18).

For the 13C relaxation experiments, a spin temperature-
ernation pulse sequence (19) was used to produce spectra t
ecay to zero at long relaxation delays. The cross-polariz
CP) contact time was 1 ms and a recycle delay of 40 s
sed to allow for proton relaxation. The proton 90° pu

ength was 4ms. Power in the proton channel was kept cons
during cross-polarization and acquisition of the carbon sig
resulting in a decoupling field strength of 63 kHz. The re
ation delays used in the ferroceneT1Z experiments were 0.1,
4, 8, 16, and 32 s. All relaxation experiments were perfor
at room temperature, 2966 2 K.
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235CHARACTERIZATION OF MOTION BY 13C RELAXATION TIMES
Deuteron experiments were performed at a Larmor
quency of 46.06 MHz. A 90° pulse length of 1.6ms was used
An inversion recovery pulse sequence with quadrupole
detection was used to measureT1Z. The relaxation delays we
0.05, 0.1, 0.2, 0.5, 1, 2, 5, and 10 s. A delay of 8 s was use
between scans. For theT1Q experiments, quadrupole order w
reated using the Broadband Jeener–Broekaert (20) pulse se
uence with an excitation delay 5t 5 27.5ms. The relaxatio
elays were 0.05, 0.1, 0.2, 0.5, 1, 2, 8, and 16 s, and the re

FIG. 1. Results of numerical calculations for two models of molecula
angle between the13C–1H vector and the motional axis,bPM, is 90°. In the sec
to a methyl group. The jump rate is 1.03 1011 s21 for both models. (a, b) T
hese models to be easily distinguished. For the three-site model (a) only
angles of 0° (solid), 35° (dotted), and 90° (dashed) for the two models ar
or the two models are more distinct.
-

ho

cle

time was 16 s. The horns of the ferrocene powder patter
intrinsically very sharp becauseT2 is long. Thus, an unusua
long echo delay of 100ms was required to avoid distortion
the quadrupolar echo by the virtual FID.

Data analysis was performed on a Silicon Graphics
workstation with customized PV-WAVE software. Relaxat
times of each point on the powder lineshape were determ
by a two-parameter nonlinear least-squares fit to the ex
mental data.

otion. The first column (a, c, e) shows results for a five-site jump model
d column (b, d, f) a three-site jump model is used withbPM 5 70.5°, appropriat
static spectral densities,J0(0) (solid),J1(0) (dashed), andJ2(0) (dotted), allow

spectral densities for 0°# bCR , 90° are shown. (c, d)T1Z anisotropies for spinnin
ery similar. (e, f) Linear combinations of spectral densities,A (solid) andB (dotted)
r m
on
he
the

e v
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236 VARNER, VOLD, AND HOATSON
RESULTS

Carbon Relaxation Time Anisotropies

For ferrocene, measurement of anisotropic relaxation t
is straightforward because only one chemically distinct ca
is present in the molecule. However, in spinning samples
must be careful to compare relaxation times of identical c
tallite orientations, not measured chemical shift. Since spin
at 90° scales the powder pattern by a factor of21/2, the width
of the experimental OMAS spectrum was scaled by a fact
22 to facilitate comparison with the static spectrum.
experimentalT1Z anisotropies plotted in Fig. 2show the ex

ected dependence on spinning angle, (bRL).
For the static sample, relaxation times are longest at thes 5

s' edge. When the sample is spun atbRL 5 90° the anisotrop
is reversed, with the longest relaxation times on the sho
(s 5 s\) of the powder pattern.

For carbons with directly bonded protons, the domin
relaxation mechanism is usually the dipolar interaction with1H
nuclei. In order to ensure that the CSA relaxation mecha
can be safely ignored in ferrocene, the relaxation time du
CSA alone was estimated from the width of the static pow

FIG. 2. Measured and calculated13C T1Z anisotropies for ferrocene. T
filled diamonds are the measured relaxation times for a static sample
sured relaxation times for a sample spinning at 90° with respect to the fie
indicated with open squares. The width of the powder pattern of the spi
sample was scaled by a factor of22 before relaxation times were measu
The solid line is the calculated anisotropy for the static sample. The calc
anisotropy for the spinning sample is indicated with a dashed line. Exper
tal errors (61 standard deviation) were determined by the fitting proce
The rates used for the calculations are 1.16 0.1 3 1011 s21 for the fivefold
all-site jump model, 1.56 0.1 3 1011 s21 for the five-site model with jump
only to neighboring sites, and 1.46 0.1 3 1011 s21 for rotational diffusion

hese rates give the best fit of the linear combinations of spectral den
See text for details.)
es
n

ne
s-
g

of
e

er

t

m
to
r

pattern. If this value ofT1Z is much longer than the measu
relaxation rates then the assumption that the dipolar intera
dominates13C relaxation in ferrocene is justified. For an axia
symmetric chemical shielding tensor the relaxation rate d
chemical shift anisotropy is given by (21)

R1Z 5
1

15
g 2B0

2~s \ 2 s'! 2
2tc

1 1 v 2t c
2 . [21]

For our experiments,gB0 5 2p 3 75.463 106 s21. At room
temperature, the width of the ferrocene powder pattern is6
1 ppm. This lineshape is narrowed by a factor of 2 due to
rotation about the molecule’s C5V symmetry axis; thus,s\ 2
s' 5 160 ppm. The correlation time is estimated to be
times the largest calculated dipolar spectral density, 83 10213

s at thebCR 5 0° edge of the static powder pattern. Substitu
of these values into Eq. [21] yields a relaxation rate of 3.3
1023 s. The corresponding spin–lattice relaxation time is 33
significantly longer than the longest measured relaxation
of 40 s. For other orientations, the estimated CSA relax
times are even longer. Thus, chemical shift mechanism m
a negligible contribution to the relaxation ferrocene at ro
temperature.

For ferrocene the experimental anisotropies ofA andB are
presented in Fig. 3. These are shown to agree well with
dipolar relaxation calculations.

The curves forA andB nearly overlap at the parallel edge
the powder lineshape confirming that the angle betwee

FIG. 3. For ferrocene, experimental (symbols) and best fit values (line
the linear combinations of spectral densitiesA and B determined from th
static and spinning13C T1Z anisotropies. The rates used for the calculation
1.16 0.13 1011 s21 for the fivefold all-site jump model and 1.56 0.13 1011

s21 for the five-site model with jumps only to neighboring sites. The diffu
constant for the rotational diffusion model is 1.46 0.1 3 1011 s21. The
onvergence ofA andB at thes\ edge of the powder pattern indicates that
ngle between the13C–1H vector and the axis of motion is close to 90°.
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237CHARACTERIZATION OF MOTION BY 13C RELAXATION TIMES
C– H vector and the motional axis of ferrocene is very c
to 90°. Neutron diffraction studies (22) have determined th
he C–H vectors are displaced out of the plane of the c
entadienyl rings, toward the iron atom, by about 1.6°. Du
ncertainty in the data, this deviation is too small to be m
ured accurately by NMR.
In a sense, the molecular geometry of ferrocene is unf

ate. ForbPM 5 90° the expression forJm(v) (Eq. [11])
implifies further becaused620

(2) (908) 5 3/8, d610
(2) (908) 5 0,

ndd00
(2)(908) 5 21/ 2. Thus, theb 5 1 terms vanish. Theb 5

0 terms are ignored becauseG0,0 does not decay with tim
Furthermore, for axial motion in the extreme narrowing lim
G2,2 is simply a constant, inversely proportional to the motio
rate or diffusion coefficient. The spectral densities for fe
cene are

Jm~0! 5
3

8

1

ck O
a

udam
~2!~bRL!u 2$ud2a

~2!~bCR!u 2 1 ud2a
~2!~bCR!u 2%,

[22]

wherek is the jump rate andc is a number that depends on
motional model. For a five-site model with jumps to all s
allowed,c 5 5, if only jumps to nearest neighbor sites oc

5 4 sin2(2p/5) ' 3.62, and for diffusive motionc 5 4.
nder these conditions, the spectral densities for diffe
odels and rates differ only by the constant factor 1/ck. As a

esult, for this geometry, the subtleties of the motional tra
ory cannot be differentiated. For ferrocene, the best fit rat
ach model was determined by manually varying the rates

or the calculations so as to minimizex2 of the calculated an
measuredA andB anisotropies.

If a 13C–1H bond length of 1.08 Å is used (vD 5 1.513 105

rad/s) then theA andB anisotropies are best fit with a jump r
of k 5 1.1 6 0.1 3 1011 s21 for the five-site model wit
jumps to all sites allowed. The best-fit rates for the o
models were found to be in agreement with Eq. [22]. Thus
best-fit rate for the five-site model with jumps to neighbo
sites is 1.56 0.1 3 1011 s21 and for diffusive motion th
diffusion constant is 1.46 0.13 1011 s21. These results are
reasonable agreement with neutron scattering measure
(23). Assuming a five-site nearest neighbor jump model
neutron data give a rate of 1.16 0.2 3 1011 s21, whereas th
experimental NMR data yield a best fit value of 1.56 0.1 3

011 s21.
The 13C–1H bond length of 1.08 Å was determined

requiring motional rates measured by carbon relaxatio
agree with the deuteron rates presented later in this p
Studies of the dynamics of benzene (11) show that correlatio
imes for the protonated and deuterated molecule differ by

few percent at room temperature. Since the structure
ynamics of ferrocene are similar to benzene’s, isotope e

n ferrocene are unlikely to be significant compared to ex
mental uncertainties. The ferrocene bond length used, 1.
e
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a-

u-

,
l
-

s
,

nt

-
or
ed

r
e

nts
e

to
er.

ly
nd
ts
r-
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is larger than published values determined from neutron
fraction studies (22, 24). The values in these studies ran
from 0.903 to 1.056 Å at 298 K, depending on the refinem
model used. The correction of the dipolar coupling cons
resulting from the use of an appropriately vibrationally a
aged bond length, instead of the equilibrium value, has
calculated (11) to be (1.080/1.106)3 or 27%. When the ferro-
cene bond length used here is compared to the longest
neutron diffraction values the vibrational correction is a
about27%. As noted in a preceding section of this paper
vibrationally averaged bond length measured by neutron
fraction is expected to be closer to the equilibrium value
the length determined by the dipolar coupling strength.

The relaxation time of the ferrocene peak in a CPM
experiment was measured to beT1Z 5 32.0 6 0.4 s. The
elaxation of this peak displays no apparent multiexpone
ehavior. This is expected since, for five-site motion,

ime-dependent part of the correlation function,G b,b9(t), is
diagonal. As mentioned previously, a diagonalG b,b9(t) leads to
relaxation times that do not depend on crystallite orienta
for a sample spinning at the magic angle.

Deuteron Relaxation Time Anisotropies

The fact that, for relatively isolated13C–1,2H pairs, the quad-
rupole and the dipolar interaction tensors have nearly the
orientation and orientational dependence means that deu
relaxation time anisotropies offer additional, complemen
information about the spectral densities in ferrocene. The
sured deuteronT1Z and T1Q anisotropies, shown in Fig. 4,fit
very well to the anisotropies calculated from simple five-
axial motional models. Again, because of the molecular ge
etry of ferrocene, jump and diffusive motion could not
distinguished. The quadrupole coupling constant was ass
to be twice the motionally averaged value measured from
NMR spectrum. For motion with equiprobable jumps to all
sites the best fit rate is 1.066 0.013 1011 s21. For a five-site
nearest neighbor jump model, the best fit rate is 1.476 0.013
1011 s21. For unrestricted rotational diffusion, the best fit-
usion constant is 1.336 0.013 1011 s21. Within experimenta
error, these rates agree with those determined from13C relax-
ation. Since the calculated13C relaxation time anisotropi
depend sensitively on the13C–1H bond length, this agreeme
supports a ferrocene bond length of 1.08 Å.

An expression for the zero quantum spectral density,J0(0),
s found by rearranging Eq. [20] forR1Z, the Zeeman relaxatio
rate of 13C under CPMAS conditions,

J0~0! 5
R1Z

Nv D
2 2 2@ J1~0! 1 J2~0!#. [23]

The carbon relaxation rate measured under CPMAS cond
is independent of crystallite orientation, and the orienta
dependence of the two spectral densitiesJ1(0) andJ2(0) can



n
in
ct

ter
fir

n
t

n
roo
tti
e
the
the

th

e
on

q s,
e n

,
in

1.4

c [2

,

alu-
ation
tions
ions.
ea-
us. A
pies
many

l and
ina-

spin-
he
mit,
ency,
ectral
ngle.
ts on

tions

c-
u
f f

ene,
to
nal

l with a
n

c nting the
aller

s

238 VARNER, VOLD, AND HOATSON
be determined from relaxation measurements of deuteroR1Z

andR1Q. Thus, Eq. [23] shows that, in the extreme narrow
limit, the orientation dependence of the zero quantum spe
density can be obtained by combining carbon and deu
relaxation data. This method was used to perform the
experimental determination ofJ0(0) in a solid. As illustrated i
Fig. 5, the experimental spectral densities closely match
simulated data.

The quadrupole coupling constant,x, used in the deutero
relaxation calculations was twice that measured from the
temperature spectrum. This value is less than the rigid la
coupling constant since averaging of the interaction du
vibrations and librations is implicitly included. However,
value ofx used in the calculations is appropriate because
motions are too fast to cause relaxation.

Substitution of the spectral densities (Eq. [22]) into
expressions forR1Z (Eqs. [1] and [2]) shows thatR1Z(

13C) }
vD

2/k for carbon, andR1Z(
2H) } x2/k for deuterons. Since w

require that the rate of motion,k, be the same for both carb
and deuteron relaxation, the ratio of the two rates isvD

2/x2. The
uadrupole coupling constant has been determined; thu
xpression for the dipolar coupling constant can be writte

vD 5 x ÎR1Z~
13C!

R1Z~
2H!

. [24]

This expression could be used to evaluatevD and hence
^1/r CH

3 &. It also provides a means for estimating the uncerta
in the 13C–1H bond length. The average uncertainty inR1Z(

13C)
is 7.7%. For the deuteron data the average uncertainty is
We estimate that the value used forx is within 1% of the
orrect value. Propagation of these errors through Eq.

FIG. 4. Measured and best fit deuteron (a)T1Z and (b)T1Q anisotropies
jump rate of 1.066 0.013 1011 s21, a five-site model with jumps to neighbo
onstant of 1.336 0.01 3 1011 s21. The molecular geometry of ferroc

experimental errors determined by the fitting procedure are plotted alon
ymbols.
g
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3]

leads to an uncertainty invD of 4.0%. The13C–1H bond length
^1/r CH

3 &21/3, determined in this study is thus 1.086 0.02 Å.

CONCLUSIONS

NMR spin–lattice relaxation time anisotropies provide v
able information about molecular dynamics. These relax
times are linear combinations of the spectral density func
which describe the time dependence of local spin interact
In order to rigorously test models of molecular motion, m
surement of all relevant spectral densities is advantageo
variety of carbon and deuteron relaxation time anisotro
were measured for ferrocene in an attempt to obtain as
linear combinations of the spectral densities as possible.

The 13C results presented here demonstrate theoretica
experimental methods for obtaining the two linear comb
tions of the spectral densities responsible for13C dipolar relax-
ation. The method makes use of the observation that, in
ning samples, carbonT1Z anisotropies depend on t
orientation of the spinning axis. In the extreme narrowing li
where the spectral densities are independent of frequ
these anisotropies are linear combinations of the static sp
densities with coefficients that depend on the spinning a
Because of the functional dependence of these coefficien
the spinning angle, only two independent linear combina
of the static spectral densities can be determined.

These linear combinations,A andB, are sensitive to mole
lar geometry. In particular, the difference betweenA and B

or bCR 5 0° is correlated with the angle between thez-axes o
the principal axis system and molecular frame. For ferroc
wherebPM 5 90°, similar models of motion (fivefold jumps
all sites, fivefold jumps to neighboring sites and rotatio

ferrocene. Calculated anisotropies correspond to a five-site jump mode
sites at a rate of 1.476 0.013 1011 s21, or a free diffusion model with a diffusio
prevents these models from being distinguished. Error bars represe

ith the measured relaxation times. In some cases the error bars are smthan the
for
ring
ene
g w
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239CHARACTERIZATION OF MOTION BY 13C RELAXATION TIMES
diffusion) are not distinguishable by measurement ofA andB.
his is a special case; for other molecular geometries, c

ations show that these models are distinguishable. Thus
ral abundance13C relaxation time measurements can pro

detailed motional information.
The measurement of the anisotropies of deuteron Ze

and quadrupolar relaxation times,T1Z and T1Q, allow the de-
termination of two spectral densities,J1(v 0) and J2(2v 0).
Motional rates determined from these data are in good a
ment with results of neutron scattering experiments (23). For
fast uniaxial motional models, combining these results
carbon relaxation experiments provides the additional
straint necessary for the determination of a third spectral
sity, J0(0). This paper reports the first experimental meas-
ment of the orientation dependence ofJ0(0). Thecombination
of 13C and2H relaxation data also allowed the determinatio
the 13C–1H dipolar coupling strength and, thus, the13C–1H
bond length.

This paper describes a method for obtaining informa
about molecular motion with a level of detail previously

FIG. 5. The anisotropies of individual spectral densities (a)J0(0), (b)J1(0
T1Z andT1Q relaxation time anisotropies. The13C CPMAST1Z provided the
u-
at-
e

an

e-

h
n-
n-

f

n
-

available from natural abundance13C NMR. The overlap o
anisotropic lineshapes hampers analysis of13C NMR spectra
just as it does for other nuclear species. Resonances
chemically distinct deuterons can sometimes be measured
selectively deuterated samples. For carbon NMR, separat
powder patterns on the basis of isotropic chemical shift in
spectrum can provide selectivity. When applied with care
techniques should allow detailed motional information to
obtained for each chemically distinct carbon in complex m
ecules.
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