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Relaxation calculations for rapidly spinning samples show that
spin-lattice relaxation time (T,;) 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 T, anisotropies for two different values of the
spinning angle allows the determination of two linear combina-
tions of the three static spectral densities, J,(0), J,(0), and J,(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 *C NMR experiments on
ferrocene. In an isolated *C-"*H group, the dipole—dipole inter-
action has the same orientational dependence as the quadrupole
interaction. Thus, the spectral densities that are responsible for
dipolar relaxation of *C are the same as those responsible for
deuteron quadrupolar relaxation. For ferrocene-d,,, deuteron T,
and T, anisotropies and the relaxation time of the *C magic angle
spinning peak provide sufficient information to determine the
orientation dependence of all three individual spectral
densities.  © 2000 Academic Press
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INTRODUCTION

complimentary. The dipolar interaction which dominat&s
relaxation in a*C—"H group is axially symmetric. Vibrational
averaging can lead to an asymmetric averaged tensor; howe\
this effect is typically small. Quadrupole tensors f6€—H
groups are also very nearly symmetric. The dipolar and qu
drupolar tensors have their largest components oriented alo
the ®*C—"’H bond. Since these tensors have the same orien
tions and nearly the same symmetry, they yield magnet
fluctuations with the same frequency components when tf
internuclear vector changes orientation. Thus, for an isolate
C—"*H group, the spectral density anisotropies of the carbc
and deuteron are identical.

Quantitative determination of motion BYC nuclear spin—
lattice relaxation time anisotropy presents some challenge
Static *C spectra consist of chemical shift anisotropy (CSA
powder patterns. When more than one chemically and magn
ically distinct *C nucleus is present in the sample, the overla
of powder patterns often prevents the unambiguous measu
ment of the orientation dependenceTqf. Magic angle spin
ning (MAS) is routinely used to improve the resolution of
solid-state™®C NMR spectra. However, since the powder-pat
terns are coherently averaged to give sharp lines at the isotro|
chemical shifts, they contain no orientational information

Measurements of deuteron spin-lattice relaxation times \Wihile isotopic enrichment could be used to produce spect
solids provide detailed information about the rates and trajessminated by one powder pattern, intermolecti@"C spin

tories of molecular motion1). This method is especially diffusion would likely equalize relaxation times, destroying the
powerful because the wide powder patterns that result frafesired anisotropy. Two-dimensional (2D) techniques such
inhomogeneous broadening by the quadrupolar interaction BRHORMAT (2) or VACSY (3) provide CSA powder patterns,
cilitate measurements of the orientation dependence (anissparated in the second dimension on the basis of isotroy
ropy) of the relaxation times. Moreover, the orientation depeohemical shift. If such a 2D pulse sequence is preceded by
dence of individual spectral densities can be determined franversion pulse and variable relaxation delay, the resulting s
measurements of the deuteron relaxation times of Zeemgfpartially relaxed 2D spectra may provide some informatiol
order, T,,, and quadrupolar ordeT,,, (1). Here, we consider about orientation-dependent relaxation times. A later section
the possibility of devising an appropriate set of natural abuthis paper considers how the experimental conditions impos
dance®C relaxation experiments to provide the same level dfy such experiments influence the observed relaxation tin
detailed motional information as that available from deuteramisotropy.
relaxation studies. A second problem is that a large number spectral densiti
For some systems carbon and deuteron relaxation data @i contribute to carbon relaxation. For deuterons, only tw
spectral densities from the autocorrelation of the quadrupo
*To whom correspondence should be addressed. E-mail: riv@as.wm.ddilferaction are important. For carbon relaxation, spectral de
Fax: (757) 221-3540. sities that arise from auto- and cross-correlations of chemic
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shielding anisotropy, spin rotation, and dipolar couplings maguadrupole interaction. In this case the relaxation rate of Ze
need to be considered. Even for the simple case of an isolatedn order is given byl()

BC—H spin pair relaxed only by a time-dependent dipole—

dipole coupling, three spectral densities must be determined. 3772

For more complex carbon—proton spin systems significant ad- Riz=—~ x T Iu(wo) + 43,(2w0)], (2]
ditional spectral densities arise from cross-correlation or inter-

ference between different pairwise dipolar interactigf)sFor wt]erex — €%q,,Q/h is the quadrupole coupling constant.

many motional processes, the anisotropies of different specli[%re e is the electronic chargay,, is the largest principal

denS|t!es have th? opposne sense and consequently the Cocré?ﬁponent of the electric field gradient tensor, &hds the
sponding relaxation times show a reduced dependence 0

orientation. It is therefore important to measure as many dj y%drupole moment of the deuteron. As with the dipolar col
ferent Iineér combinations oﬁ‘) spectral densities as osysibgémg constant, the quadrupole coupling constant is averag
. P P Ver fast vibrations. Relaxation of quadrupolar order is de
Ideally, enough independent measurements should be madg t|9b : :
; L . S cribed by a single spectral density,
permit determination of the anisotropy of each individual spec-
tral density. In liquids, significant progress has been made
toward this goal by designing selective excitation pulse se-
guences to prepare the spins in appropriate initial stdte®)(
However, solid samples are far more challenging because
extensive dipolar coupling and line broadening complicate The normalized spectral densities are defined as Fouri
such selective excitatior8). transforms of the autocorrelation functions,

In this paper, expressions for the fast limit spectral densities

2

Rig = o x?Jy(wo) [3]
1Q 2X1wo-

of spinning samples are derived. These expressions are used to »

show how two independent linear combinations of the spectral In(w) = =5 5 J (TP(LAB, t)

densities may be determined. In addition, a method is presented [Te"(PAS] 0

for measuring all three spectral density anisotropies indepen- 2 o

dently, using the deuterdhy, andT,, anisotropies and theéC X Tn (LAB, t + 7))e "™7dr, [4]

MAS T,,. Experimentally determined linear combinations of

1°C spectral densities are presented for unlabeled ferrocewgere TS (LAB) is the relevant interaction tensor in the
Finally, the orientation dependence of the three individukaboratory coordinate system. This tensor is found by a tran
spectral densities, determined by conducting experiments f@fimation of coordinate systems from the principal axis syste!

natural abundancEC and deuterated ferrocene, is shown. (PAS), where the tensor is diagonal, to the laboratory coord
nate system through the Euler angleés = (ap, BeL, Yel)-

CALCULATIONS Spectral Densities of Spinning Samples

In the extreme narrowing limit, for relaxation dominated by In this section, Eq. [4] is evaluated to determine the spectr
the dipole—dipole mechanism, th¥ Zeeman relaxation rate densities in a spinning sample. The transformation from PA
is given by a linear combination of spectral densiti@s ( to LAB is performed as a series of rotations involving three
intermediate coordinate systems: the molecule-fixed coorc
1 nate system (MOL), the crystal-fixed coordinate syster
= T, (CRYS), and the rotor-fixed coordinate system (ROT). Break
ing up the transformations this way separates the time-depe
Nw3 dent and time-independent transformations. The success
=5 [Jo(w, — wg) + 3Ji(w) + 6J,(w, + wg)], transformations of the coordinate system from PAS to LAE

may be summarized as

RlZ

(1]
. . . . . QPM QMC(t)
whereN is the number of spins (protons, in this case) directly PAS MOL

bonded to the relaxin® spin (carbon), andvy, = v, ysi(1/
ry, the dipolar coupling. The angular brackets indicate that
the factor 1f  is averaged over vibrational motions which are Qcr Qg (1)
too fast to contribute appreciably to the spectral densities. CRYS ROT LAB.
Cross-correlation between differeiC—'H vectors is ignored
in this calculation.
For deuterons, relaxation is induced by fluctuations in thEhe PAS is fixed in the molecule, so the PAS to MOL trans
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formation,Qy, is time independent. The CRYS to ROT transcompared to the correlation time but short compared to typic
formation, Qcx, is also time independent since the sample 18C relaxation times. Correlation times are generally on th
stationary with respect to the rotor. The time dependence of thieler of picoseconds, and rotor periods are typically tenths
system is contained in the remaining transformations. Thalliseconds. Thus, the rotor may be considered stationary f
spinning rotor leads to a coherently time-dependent ROT tize time period in which the integrand is nonzero. This fas
LAB transformation, Qg (t) = (ar(t), Br., 7Yr)), While motion approximation allows the Wigner matrix elements fo
random molecular motion is responsible for the time depetie (2, transformation to be taken outside of the integral
dence of the MOL to CRYS rotatiof)yc = (aunc(t), Buc(t), Carbon relaxation times are generally longer than a few se
vwe(t)). The transformatiotf),(t) is of particular importance onds; while the nuclei relax, the rotor undergoes thousands
since its time dependence describes the fluctuating local magtations. Thus, the relaxation times depend on spectral den
netic fields that induce relaxation. ties averaged over a rotor cycle. For this situation the ROT |1
For spherical irreducible tensors, the successive transformh#@B transformation is determined completely by the angle
tions that take the dipolar tensor from PAS to LAB are pebetween the rotor axis and the external fighd,. Thus, the
formed by summing over Wigner rotation matrix elementgollowing identity is valid:
Thus, the spectral densities are written
<D532n)1(QRL(O)) Dgz’?;(QRL(T))> = |d(a\2r$1(BRL)|28a,a" [7]
1 2 2 2 2
Jn(w) = [TOPAS T >y > Assuming uniaxial motion about the molecule-fixed axis, th
0 aa’=-2bb'=-2cc=-2dd=-2 MOL to CRYS transformation is reduced to a simple rotatior
about that axis. For this this type of motion, the expression fc

JO}D(Z)(QRL(U) D2 (Qu(t + 7)) the spectral densities is simplified since
0

<D g))(QMC(O)) D E?@f/(ﬂmc(f)))

Dtgzex)(QCR(t)) DI(JZ’:’(QCR(t + 7)) ' o
= (e POl )5, By . (8]

Dt(:i)(QMC(t)) Dé'zt);'(QMc(t + T))

D2(Qpu(t)) D (Qpy(t + 7)) Torchia and Szab®} denote correlation function of the MOL
) - B to CRYS transformation by
TP (PASTE (PAS)e ™ dr. [5]

. . . N Top(7) = (@ oucllghionets), [9]
Since the dipolar tensor is a second-rank tensor interaction, all
summations over Wigner matrix elements will be fren2 to
2. These limits will be omitted in subsequent equations. lf]nodels in Ref. ).

Several assumptions can be made to simplify Eq. [5]. For t eMaking these assumptions, the expression for the spect

) T . . 2)
axially symmetnc dipolar interaction, only thé? (PAS) . densities in a spinning sample can now be written as
component is nonzero. Two of the transformations are time

independent so the corresponding Wigner matrix elements may. _ @ 2 ) @
be removed from the integral. Also, since molecular motion is In(w) = 2 2 [d5(Br) DE(Qer) DR (Qer)

This function has been evaluated for a variety of axial motion:

a stationary Markov process, the tinbecan be set to zero a b
without loss of generality. With these modifications the spec- o
tral densities become DB@(me)DB%)r*(Qm)J Iy (r)e”™dr. [10]
0
In(w) =2 2 > DE(Qc) DFL(Qcr)
aa bb cc For jump models with five or more equally populated sites
% D@(Qp) D2 (Qpny) I',, is diagonal §), and the spectral densities become

: 30) = 3 3B 1020 B 10
J (D Qru(0) DG Qe (7)) (@) = 2 |dun(Br)lfeba(Benl
0

D & (Quc(0)) D& (Qye(7)))e " dr. [6] X (BPM)|ZJ [yp(r)e ™ dr. [11]

For most physically reasonable situations the equations may be
further simplified by recognizing that the rotor period is londror this study, Eq. [11] has been evaluated numerically for
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variety of molecular geometries and models of molecular moies, the spectral densities are effectively independent of fr
tion. Relaxation time anisotropies calculated from these spegtency,J,(w) =~ J.(0). Whenthis extreme narrowing cen
tral densities were studied and compared to measurementsliibn is met, the spinning spectral densities can be written |

ferrocene. terms of their static counterparts,;(0), J:(0), andJ%(0). In
this case, the expression fBi, in a spinning sample can be
Comparison to Static Spectral Densities written in terms of the static spectral densities and the spinnir

In the fast motion limit, the spectral densities for a spinninangle’
sample depend on a number of time-independent transforma-
tions. For the PAS to MOL transformatiofs,y is fixed by Now? [1
molecular geometry. The spinning angBa , can be adjusted Riz(Br) = — [2 (5 — 3 cos(Br))Jo(0)
in the probe. However, for a powder sample, each crystallite
has a pair of angles3¢z and ycg) that describe the CRYS to 1
ROT transformation. These angles determine the position of a t 2 (9 — 3 cos(Bru))J1(0)
crystallite’s spectral line in the CSA powder pattern of a
spinning sample. For a static sample the rotor frame is omitted
from the transformations. Thus, for arbitrary correlation func-
tions,I'y, (1) (9), the expression for the static spectral densities
is

+ 3(1 + co(Br))IH0) | . [14]

Thus, the relaxation rate is a linear combination of the stat
. . spectral densities with coefficients determined by the spinnir

, — @) @) @) @)
(@) = 2 2 Did(Qc) D2 (Qe) D Qow) DY (Qew) angle. This suggests a method for determining the static spe

b,b’ . . . . . . .
: tral densities from spinning relaxation time anisotropies. B

o . measuring relaxation time anisotropies for a variety of spinnin
J Fpp(m)e mdr. [12] angles a set of equations could be constructed and solved
0 give the static spectral densities. However, rearranging E

[14] yields a term that depends on the spinning angle and

If the ROT to LAB transformation is omitted from Eq. [10]cOonstant term,

then the expression for the spinning spectral densities resem-

bles that for the static case. The only difference is that the Euler Nw?

angleQ s appears instead &1, when the sample is spinning. Riz(Bry) = > [A + B cos’(Br0)] [15]
In a static sample, the spectral frequency depend3Qtin the

same way as the frequency in a spinning sample depends on

Qcr. The relationship betweed,(w) andJ;(w) is expressed where

simply if orientation rather than chemical shift is used to

identify a point on a lineshape,

5 9
A=~ J40) + - J,(0) + 335(0) [16]
In(w, Bed = > [d2(Br)| (@, Be).  [13] 2 2

and
This expression shows that for each point on the lineshape of
a spinning sample the spectral densities are linear combinations 3 3
of the _spectral densities for the corresponding point on the B=— - J40) — = 350) + 330). [17]
static lineshape. 2 2
The frequency for crystallites oriented at some particular
value ofc is the same as .that for 188° Scq and 36.0 ~ Ber Thus, only two linearly independent combinations of the stati
In general, spectral densities do not have such high symmetry. » . :
. spectral densities can be determined from experiments p
Two values ofBcx that give the same spectral frequency m L rmed with a variety of spinning anales
yield different spectral densities. If this is the case then relax- y b g anges.

S . . These two linear combinationsg, and B, are easily deter-
ation is multiexponential.

mined from experimental data by recognizing that
Linear Combinations of Spectral Densities

If the motional rate (jump rate or diffusion coefficient) is A = R,,(90%) 2 (18]
much higher than the relevant combination of Larmor frequen- Nwp
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and isolated that a dipolar powder pattern can be measured. Sir
dipolar relaxation rates depend on the sixth power of th
2 internuclear distance,2,, the calculated rates depend sensi
N2 [19] tively on this value. A recent paper by Hardst al. (11)
demonstrates that care must be taken when using publist
L . . . . bond lengths, since measurements made with different tec
Ito's _|mprac_t|cal o perform a spinning experiment with, = niques are averaged differently by vibrations of the nucle
0° since t.h's would _place the coil of the probe paf?”e' to thﬁeutron scattering yields a vibrationally averaged bond lengtl
external field andoglve no signal. Howe_:ver, evaluation of Eg”. However, the average dipolar coupling, is determined
[13] for Be. = 0° shows that, for this case, the Spec”%féan effective bond length @fL/r &) ™. In general, these two

densities in a spinn_ing sample_are_identical to those in a stai[Brational averages differ from each other and from the equ
Sﬁmp'e- Thus the_ linear combm_atloﬁ_\sandB can be_deter- librium bond lengthy .. For typical molecular potentials, <
mined by measuring the relaxation time anisotropy in a sta?@ < (1r¥) " (11-13
CH. —49.
o}

sample and a sample spinning about an axis perpendicula
the external field. If there is some overlap of powder patterns

in the static spectrum it may be possible to choose a differdpglaxation Time Anisotropies in Two-Dimensional
pair of rotor angles such that the CSA powder patterns areEXperiments

resolved but still wide enough to allow determination of relax-
ation time anisotropies.

B = (Ryz(0°) — Ry2(90°))

When the overlap of’C powder patterns prevents accurate
measurement of chemical shift anisotropies, 2D techniques c

B _ ~1
\/gor a sa:jmple ;stpun at the Irlnaglcdatnglﬂnagic - l.COS (1t/th often be used to separate the anisotropic lineshapes. A num
), powder patterns are collapsed to narrow lines a o experimental techniques are available for separating CS

isotropic chemical shifts. All crystallite orientations contribut owder patterns on the basis of their isotropic chemical shi

t_o a f_requency range _that IS harrower than the homog_ene fues (4). This suggests that the incorporation of an inver
'"?eW'd‘h- Clgarly, Itis |mpo_53|ble to measure _the relaxation Zion pulse and a relaxation delay into these experiments wol
d|fferenfcly orlent_ed crystalll_tes_from such a _Imeshape. If_ thgllow the measurement of relaxation time anisotropy of eac
c_orrelat!on functl_onl“b.b,(t), IS d'?go_”a' there is nho relaxation emically distinct carbon. However, the effect of sample
time anisotropy na _sample_ spinning at the magic _angle, aFQinning on relaxation time anisotropy must be kept in mind
the_ MAS relaxation time is mdepe_ndent of orientation. Eval- The fact that relaxation time anisotropy depends on spinnir
uation of Eq. [14] forBr. = Bumage Yields angle complicates the measurement of partially relaxed powd
patterns with variable angle correlation spectroscop
Riz = Nwd[ J5(0) + 233(0) + 2J5(0)]. [20] (VACSY). In a VACSY experiment, the anisotropic chemical
shift is scaled by varying the spinning angle. The implici
This combination of spectral densities is not linearly indepeassumption is that the only difference between the spect
dent of A andB, but it is experimentally accessible even fotaken at different spinning angles is that the widths of th
complicated spectra. powder patterns are scaled. For partially relaxed spectra tt
The relaxation time of the MAS peak can be used in comssumption is not valid. The relaxation time anisotropy in
junction with deuteron relaxation times to determine all threéACSY powder pattern is not related in any simple way to the
spectral densities. Although this strategy requires isotopic lanisotropies at each of the various spinning angles. Howevi
beling for the deuteron experiments it has the advantage tfataxial motional models, simulations show that the anisotrc
MAS enhances resolution and signal-to-noise ratio in the cguies for Br. < Bmage Offset those forBr. > Buage Yielding
bon experiments. It should be stressed that the relaxation timgually no relaxation anisotropy for the set of partially relaxec
anisotropy vanishes for magic angle spinning only when théACSY powder patterns.
correlation function is diagonal, as it is for jump motion with  Some 2D experiments are performed with MAS using rotor
five or more sites equivalent sites or for free rotational difftsynchronized pulses to disrupt the averaging of the chemic
sion ). shift (15). If the sample is spun at the magic angle during th
Although carbon dipolar relaxation and deuteron quadrupeelaxation delays, the measured relaxation anisotropy will r¢
lar relaxation depend on the same spectral densities (to ftext the averaging of the spectral densities that occurs wi
extent that they can be treated as axially symmetric), th@AS. For many motional trajectories no anisotropy would be
relaxation rate expressions involve different couplingbserved. Even typical magic angle turning frequencies (abo
strengths. The deuteron quadrupole coupling constant may3@eHz) yield rotor periods that are short compared to mo:
determined, with reasonable accuracy, from the width of carbon relaxation times. The magic angle hopping experime
low-temperature powder pattern. However, determining tli#6) also suffers from this problem since the rapid 120° jump
dipolar coupling between dC nucleus and a nearby proton isalso cause averaging of the spectral densities.
not so straightforward*C—'H pairs are rarely sufficiently For spinning angles other than the magic angle, relaxatic
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time anisotropies could be measured by storing magnetizatig(0, Bcr) = Ju(0, N180° + Bcgr). Although crystallites
along the z-axis and quickly reorienting the rotor for theoriented atBcr and (180°— Bcr) have the same NMR fre
relaxation delay, after which the spinning axis would be retuencies, they have different spectral densities. This implie
turned to the magic angle and the pulse sequence for measuliexponential relaxation. Even though the individual spectre
the 2D spectrum executed as usual. This technique is compgnsities forB.z and (180°— Bcgr) are different, the linear
ible with the magic angle flipping 2D experimedf/j in which combination which determines the relaxation tiffig;, is the
the spinning axis is reoriented to allow evolution under theame for both orientations. Thus, in the extreme narrowin
anisotropic chemical shift. By performing this modified magitimit, the relaxation of each point on a methyl powder patter
angle flipping experiment twice, using different spinning ans a single exponential functior@),
gles during relaxation, two linear combinations of the static Although the linear combinationg, andB (defined in Egs.
spectral densities could be determined for each carbon ling[16] and [17]), are not as distinctive as the individual spectrz
the spectrum. This technique would allow high-fidelity infordensities, they do allow these two models to be easily distii
mation about molecular motion to be obtained for compleguished, as shown in Figs. 1e and 1f. The most notable diffe
systems. ence in the anisotropies is seen at the parafigk & 0°, o =
o) edge of the CSA powder pattern. At this pofiandB have
the same value for the ferrocene calculations, but are signi
cantly different for the methyl spectrum. As with the,
Some interesting properties of the spectral densities of spanrisotropiesA andB do not depend on thBz quadrant for
ning samples may be found by studying the calculatesither model. While it is unlikely that a relaxation experimen
anisotropies. While the spectral density anisotropies depemnduld be needed to distinguish methyl rotation from five-site
strongly on the motional rate, number of sites, and orientatijumps, the differences in these particular linear combinatior
of the dipolar tensor, the calculated relaxation time;] of spectral densities highlight an important feature: the degre
anisotropies often show little sensitivity to the motional modebf separation betweeA and B at the parallel edge is sensi-
To illustrate this, the results of calculations for two motionaively dependent oiB,, the angle between thHéC—H vector
models are presented in Fig. 1. The first column (Figs. 1a, Byd the motional axis.
and 1le) shows the results for a five-site nearest neighbor jump

Properties of Calculated Anisotropies

model with By = 90°. This model is appropriate for ferrocene. EXPERIMENTS
The results in the second column are for a three-site model with
Bew = 70.5°, typical of a methyl group. Experiments were performed on a homebuilt spectromet

In both cases, the motion is assumed to be in the extremigh a Tecmag Libra pulse programmer and a 7-T Oxfor
narrowing limit. Thus, the CSA powder patterns are axiallpuperconducting magnet. The Larmor frequency is 75.46 Mk
symmetric with the greatest intensity arising from perpendifer *C and 300.07 MHz forH. The natural abundance fefro
ularly oriented crystallites3.r = 90°. The chemical shielding cene sample consisted of 103 mg of the material ground to
of this spectral position is denoted,. The weak shoulder of fine powder and packed into a 5-mm rotor. A Doty Scientific
the lineshape is from crystallites that have theaxes nearly DSI-313 MAS probe, with a manually variable spinning angle
parallel to the rotor axis3cr =~ 0°) whose shielding is denotedwas used to collect the data presented here. Samples were s
0. Although spinning the sample scales the powder pattern ayapproximately 4 kHz. The precise values of the angles us
a factor of d9(Br) = (3 cog Br. — 1)/2, corresponding in the off magic angle spinning (OMAS) experiments were
positions on the lineshapes have the sgBgg value. Static determined by comparing the widths of the spinning chemic:
samples are treated as samples spinningdzat = 0 since shift powder patterns to the static lineshape. The anisotror
spinning at this angle has no effect on the spectrum. For thilseshape parameters were determined by a least-squares fit
caseBcr = Bc.. For consistency, the angle that determines thieutine that uses the SUMS powder pattern calculation alg
spectral frequency will be callegl.; throughout the remainder rithm (18).
of this paper. The variable = (o, — ¢.,)d{(Bcr) + i iS For the ®C relaxation experiments, a spin temperature al
used to denote frequency. ternation pulse sequenc&dj was used to produce spectra thai

Figures 1la and 1b show that the calculated static spectilacay to zero at long relaxation delays. The cross-polarizatic
densities plotted as a function ofare quite distinct for these (CP) contact time was 1 ms and a recycle delay of 40 s w:
two models. In both cases the spectral densities, like the NMiRRed to allow for proton relaxation. The proton 90° pulse
frequencies, are found to depend only on the angle The length was 4us. Power in the proton channel was kept constar
symmetry of the ferrocene spectral densities is suchXp@, during cross-polarization and acquisition of the carbon signal
Bcr) = Jn(0, n180C° = Ber), wheren = 0, 1, 2, .... Thus, resulting in a decoupling field strength of 63 kHz. The relax
for every frequency on the powder pattern there is a unique s¢ibn delays used in the ferroceg experiments were 0.1, 2,
of three spectral densities and a unique relaxation time. How-8, 16, and 32 s. All relaxation experiments were performe
ever, for the methyl spectral densities, the symmetry relationas room temperature, 296 2 K.
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FIG. 1. Results of numerical calculations for two models of molecular motion. The first column (a, c, €) shows results for a five-site jump model whe
angle between thEC—H vector and the motional axig,y, is 90°. In the second column (b, d, f) a three-site jump model is usedBaijth= 70.5°, appropriate
to a methyl group. The jump rate is 120 10" s™* for both models. (a, b) The static spectral densitigg)) (solid),J,(0) (dashed), and,(0) (dotted), allow
these models to be easily distinguished. For the three-site model (a) only the spectral densities fiar 62 90° are shown. (c, dJ,, anisotropies for spinning
angles of 0° (solid), 35° (dotted), and 90° (dashed) for the two models are very similar. (e, f) Linear combinations of spectral AgssitidsandB (dotted),
for the two models are more distinct.

Deuteron experiments were performed at a Larmor fréme was 16 s. The horns of the ferrocene powder pattern a
guency of 46.06 MHz. A 90° pulse length of 1.8 was used. intrinsically very sharp becaudg is long. Thus, an unusually
An inversion recovery pulse sequence with quadrupole eclomg echo delay of 10@us was required to avoid distortion of
detection was used to measurg. The relaxation delays werethe quadrupolar echo by the virtual FID.
0.05,0.1,0.2,0.5,1, 2,5, and 10 s. A deldy8os was used Data analysis was performed on a Silicon Graphics O
between scans. For tfig, experiments, quadrupole order wasvorkstation with customized PV-WAVE software. Relaxation
created using the Broadband Jeener—Broeka@tulse se- times of each point on the powder lineshape were determin
guence with an excitation delayr5 27.5us. The relaxation by a two-parameter nonlinear least-squares fit to the expe
delays were 0.05, 0.1, 0.2,0.5, 1, 2, 8, and 16 s, and the recyulental data.
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(o] Ciso o pattern. If this value off ,, is much longer than the measured
50 | T T T relaxation rates then the assumption that the dipolar interacti
dominates*C relaxation in ferrocene is justified. For an axially
symmetric chemical shielding tensor the relaxation rate due
chemical shift anisotropy is given b21)

40 - -
Static
Br. = 0° 1 T
C
o R1Z=E7255(0H— O-L)zm' [21]
N 30
|_
o | For our experimentsyB, = 27 X 75.46x 10° s*. At room
gp"’l"é%% temperature, the width of the ferrocene powder pattern is 80
ool TH _ 1 ppm. This lineshape is narrowed by a factor of 2 due to fa

rotation about the molecule’ssCsymmetry axis; thusg; —
1 o, = 160 ppm. The correlation time is estimated to be five

times the largest calculated dipolar spectral density, B0 **
L L [ s at theB.g = 0° edge of the static powder pattern. Substitutiol

120 o o - W < @ of these values into Eq. [21] yields a relaxation rate of 8.1

Ppm 10°%s. The corresponding spin—lattice relaxation time is 330 :
FIG. 2. Measured and calculatééC T,, anisotropies for ferrocene. The significantly longer than the longest measured relaxation tin
filed diamonds are the measured relaxation times for a static sample. Me#-40 s. For other orientations, the estimated CSA relaxatic
sured relaxation times for a sample spinning at 90° with respect to the field #fes are even |0nger_ Thus, chemical shift mechanism mak

indicated with open squares. The width of the powder pattern of the spinnin . . . .
per 5 P P P agnegllglble contribution to the relaxation ferrocene at roon

sample was scaled by a factor eR before relaxation times were measured.
The solid line is the calculated anisotropy for the static sample. The calculaf@mperature.

anisotropy for the spinning sample is indicated with a dashed line. Experimen-For ferrocene the experimental anisotropie?AdndB are

tal errors (-1 standard deviation) were determined by the fitting procedurgresented in Fig. 3. These are shown to agree well with tt
The rates used for the calculations are £10.1 X 10" s* for the fivefold dipolar relaxation calculations.

all-site jump model, 1.5- 0.1 X 10" s* for the five-site model with jumps
only to neighboring sites, and 14 0.1 X 10" s™* for rotational diffusion. The curves foA andB nearly overlap at the parallel edge of

These rates give the best fit of the linear combinations of spectral densitdd€ powder lineshape confirming that the angle between tl
(See text for details.)

RESULTS 4
Carbon Relaxation Time Anisotropies A % + |
For ferrocene, measurement of anisotropic relaxation times:,(/T ) ’

is straightforward because only one chemically distinct carbon2
is present in the molecule. However, in spinning samples, onég
must be careful to compare relaxation times of identical crys- §
tallite orientations, not measured chemical shift. Since spinning< o - c} %
at 90° scales the powder pattern by a factor-df2, the width @@i@i@@

of the experimental OMAS spectrum was scaled by a factor of I B -~
—2 to facilitate comparison with the static spectrum. The

i

i
i)

experimentalT,, anisotropies plotted in Fig. 8how the ex- 2 |
pected dependence on spinning angB, X. S P S H S E SR B

For the static sample, relaxation times are longest atrthe 120 100 80 60 40 20 0
o, edge. When the sample is spurBat = 90° the anisotropy ppm
is reversed, with the longest relaxation times on the shouldegig. 3. For ferrocene, experimental (symbols) and best fit values (lines) ¢
(o = o) of the powder pattern. the linear combinations of spectral densitiésand B determined from the

For carbons with directly bonded protons, the dominastatic and spinning’C T, anisotropies. The rates used for the calculations art
relaxation mechanism is usually the dipolar interaction with 11 0.1 10" s™ for the fivefold all-site jump model and 1:5 0.1 x 10"

. . . s_* for the five-site model with jumps only to neighboring sites. The diffusion
nuclei. In order to ensure that the CSA relaxation meCham%stam for the rotational difjfusign mgdel is 214 0.1g>< 10" s The

can be safely ignorgd in ferrocene, the relaxation time due déhvergence oA andB at theo, edge of the powder pattern indicates that the
CSA alone was estimated from the width of the static powdetigle between th€C—H vector and the axis of motion is close to 90°.
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C—'H vector and the motional axis of ferrocene is very close larger than published values determined from neutron di
to 90°. Neutron diffraction studie®) have determined that fraction studies 22, 29. The values in these studies rangec
the C—H vectors are displaced out of the plane of the cyclfsom 0.903 to 1.056 A at 298 K, depending on the refinemer
pentadienyl rings, toward the iron atom, by about 1.6°. Due model used. The correction of the dipolar coupling constal
uncertainty in the data, this deviation is too small to be meeesulting from the use of an appropriately vibrationally aver
sured accurately by NMR. aged bond length, instead of the equilibrium value, has be
In a sense, the molecular geometry of ferrocene is unforicalculated {1) to be (1.080/1.108)or —7%. When the ferro
nate. ForBp, = 90° the expression fod,(w) (Eq. [11]) cene bond length used here is compared to the longest of 1
simplifies further becausé?y(90°) = 3/8, d,(90°) = 0, neutron diffraction values the vibrational correction is alsc
andd{y(90°) = —1/2. Thus, théd = 1 terms vanish. Thb = about—7%. As noted in a preceding section of this paper, th
0 terms are ignored becau$g, does not decay with time. vibrationally averaged bond length measured by neutron di
Furthermore, for axial motion in the extreme narrowing limitfraction is expected to be closer to the equilibrium value tha
I',, is simply a constant, inversely proportional to the motionahe length determined by the dipolar coupling strength.
rate or diffusion coefficient. The spectral densities for ferro- The relaxation time of the ferrocene peak in a CPMAS
cene are experiment was measured to e, = 32.0 = 0.4 s. The
relaxation of this peak displays no apparent multiexponenti
1 behavior. This is expected since, for five-site motion, th
ok > 1d2(BrO) | HdR(BeR)|? + [d2(Ber)| 2, tlme—dependent part of the.correlano_n functidh,, (t), is
a diagonal. As mentioned previously, a diagohgl, (t) leads to
[22]  relaxation times that do not depend on crystallite orientatio
for a sample spinning at the magic angle.
wherek is the jump rate and is a number that depends on the
motional model. For a five-site model with jumps to all siteBeuteron Relaxation Time Anisotropies
allowed,c = 5, if only jumps to nearest neighbor sites occur
c = 4 sinf(2w/5) ~ 3.62, and for diffusive motiort = 4.
Under these conditions, the spectral densities for differ

oo W

Jn(0) =

' The fact that, for relatively isolatedC—"°H pairs, the quad
rupole and the dipolar interaction tensors have nearly the sat

del d rates diff v by th tant factarkl /A eQliientation and orientational dependence means that deute
Models and rates difier only by the constant faclarktAs a o 3y ation time anisotropies offer additional, complementar

result, for this geometry, the subtleties of the motional traje<fiformation about the spectral densities in ferrocene. The me

tory cannot be differentiated. For ferrocene, the best fit rate #Qlﬂred deuteroiT,, and T, anisotropies, shown in Fig. 4it
1z 1Q y .

each model was determined b)./ mapually varying the rates u%%?y well to the anisotropies calculated from simple five-folc
for the calculations soas tq minimiz€ of the calculated and axial motional models. Again, because of the molecular geor
m??Sgggd?HaEd Bdﬁn'sitgoa'isé&&. bl = 151 10° etry of ferrocene, jump and diffusive motion could not be

a L~ bondength ot 1.0 IS use 6 e distinguished. The quadrupole coupling constant was assun
rad/s) then thé andB anisotropies are best fit with a jump rate[o be twice the motionally averaged value measured from tt

a 1o o .
pf k=11x .0'1 X 107 s for the flye site model with NMR spectrum. For motion with equiprobable jumps to all five
jumps to all sites allowed. The best-fit rates for the oth%llrtes the best fit rate is 1.06 0.01 % 10" s *. For a five-site

mode!s were found tp be .in agreement With EqQ. [22]'. Thus,l tW:éarest neighbor jump model, the best fit rate is #47.01 X
best-fit rate for the five-site model with jumps to naghbormgou s, For unrestricted rotational diffusion, the best fit-dif

o oo h :
sites is 1.5= 0.1 x 107 s * and for diffusive motion the i constantis 1.33 0.01x 10 s . Within experimental

er X o1 )
diffusion constant is 1.4= 0.1 X 10 s . These results are in error, these rates agree with those determined fr@melax

reasonable agreement with neutron scattering measurem%gign. Since the calculatetfC relaxation time anisotropies

(23). Assuming a five-site nearest neighbor jump model, trbeepend sensitively on th8C—H bond length, this agreement
neutron data give a rate of 14 0.2 X 10" s, whereas the supports a ferrocene bond length of 1.08 A

experimental NMR data yield a best fit value of 1:50.1 X An expression for the zero quantum spectral dendig0),

10" s i i i
. found b Eqg. [20] fd&r,,, the Z laxat
The ®C—H bond length of 1.08 A was determined bylrztguor;1schﬁ3;rfg%&gAschnJitioﬁfs € ceeman relaxation

requiring motional rates measured by carbon relaxation to

agree with the deuteron rates presented later in this paper. R

Stud|es of the dynamics of benzerd) show that correlauon J4(0) = 122 — 2[3,(0) + 3,(0)]. [23]
times for the protonated and deuterated molecule differ by only Nwp

a few percent at room temperature. Since the structure and

dynamics of ferrocene are similar to benzene'’s, isotope effe@ise carbon relaxation rate measured under CPMAS conditio
in ferrocene are unlikely to be significant compared to expes independent of crystallite orientation, and the orientatio
imental uncertainties. The ferrocene bond length used, 1.08dkpendence of the two spectral densitig) andJ,(0) can
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FIG. 4. Measured and best fit deuteron &) and (b)T . anisotropies for ferrocene. Calculated anisotropies correspond to a five-site jump model wi
jump rate of 1.06- 0.01x 10" s, a five-site model with jumps to neighboring sites at a rate of £4701x 10" s, or a free diffusion model with a diffusion
constant of 1.33+ 0.01 X 10" s*. The molecular geometry of ferrocene prevents these models from being distinguished. Error bars representir
experimental errors determined by the fitting procedure are plotted along with the measured relaxation times. In some cases the error barthare tamalle
symbols.

be determined from relaxation measurements of deutBsgn leads to an uncertainty i, of 4.0%. The*C—"H bond length,
andR,q. Thus, Eq. [23] shows that, in the extreme narrowingL/r &) *°, determined in this study is thus 1.680.02 A.

limit, the orientation dependence of the zero quantum spectral
density can be obtained by combining carbon and deuteron
relaxation data. This method was used to perform the first

experimental determination df(0) in a solid. As illustrated in

Fig. 5, the experimental spectral densities closely match the \MR spin—lattice relaxation time anisotropies provide valu
simulated data. able information about molecular dynamics. These relaxatic

The quadrupole coupling constant, used in the deuteron times are linear combinations of the spectral density functior
relaxation calculations was twice that measured from the rodMpich describe the time dependence of local spin interaction
temperature spectrum. This value is less than the rigid lattifsOrder to rigorously test models of molecular motion, mea
coupling constant since averaging of the interaction due t§rement of all relevant spectral densities is advantageous.
vibrations and librations is implicitly included. However, the/&rety of carbon and deuteron relaxation time anisotropie

value ofy used in the calculations is appropriate because thege measured for ferrocene in an attempt to obtain as ma
motions are too fast to cause relaxation. linear combinations of the spectral densities as possible.

Substitution of the spectral densities (Eq. [22]) into the The “C results presented here demonstrate theoretical a
expressions foR,, (Egs. [1] and [2]) shows thaR,,(¥C) e_xperlmental methods fo_r_obtalmng the two I!near combinz
wi/k for carbon, andR,,(H) = y/k for deuterons. Since we thns of the spectral densities responsible*far d!polar relgx |
require that the rate of motiok, be the same for both carbon@lion- The method makes use of the observation that, in spi
and deuteron relaxation, the ratio of the two rates3s? The NMNg samples, carbonT,; anisotropies depend on  the
quadrupole coupling constant has been determined: thus, O4igntation of the spinning axis. In the extreme narrowing limit

expression for the dipolar coupling constant can be written Where the spectral densities are independent of frequent
these anisotropies are linear combinations of the static spect

R (%G densities with coefficients that depend on the spinning angl
wp = X | 12(0) ' [24] Because of the functional dependence of these coefficients
Riz(?H) the spinning angle, only two independent linear combinatior
of the static spectral densities can be determined.
This expression could be used to evaluate and hence, These linear combinations, andB, are sensitive to molec-
(1/r&). It also provides a means for estimating the uncertaintfar geometry. In particular, the difference betwe®emand B
in the **C—'H bond length. The average uncertaintyRp(*°C) for Bcr = 0° is correlated with the angle between thaxes of
is 7.7%. For the deuteron data the average uncertainty is 1.4k@ principal axis system and molecular frame. For ferrocen
We estimate that the value used fgris within 1% of the whereBsy = 90°, similar models of motion (fivefold jumps to
correct value. Propagation of these errors through Eq. [24] sites, fivefold jumps to neighboring sites and rotationa

CONCLUSIONS
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FIG.5. The anisotropies of individual spectral densitiesJdp), (b)J1(0), and (c),(0) for ferrocened;(0) andJ,(0) were determined from the deuteron
T,, and T, relaxation time anisotropies. THEC CPMAST, provided the additional linear combination of spectral densities needed to detelyfine

diffusion) are not distinguishable by measurememA@ndB. available from natural abundanc& NMR. The overlap of
This is a special case; for other molecular geometries, cal@nisotropic lineshapes hampers analysis®6f NMR spectra
lations show that these models are distinguishable. Thus, rjast as it does for other nuclear species. Resonances fc
ural abundancé&’C relaxation time measurements can providehemically distinct deuterons can sometimes be measured w
detailed motional information. selectively deuterated samples. For carbon NMR, separation
The measurement of the anisotropies of deuteron Zeen@mowder patterns on the basis of isotropic chemical shiftin a 2
and quadrupolar relaxation timeB,; and T,,, allow the de spectrum can provide selectivity. When applied with care, 2l
termination of two spectral densitied;(w,) and J,(2w,). techniques should allow detailed motional information to b
Motional rates determined from these data are in good agrebtained for each chemically distinct carbon in complex mol
ment with results of neutron scattering experime23).(For ecules.
fast uniaxial motional models, combining these results with
carbon relaxation experiments provides the additional con-
straint necessary for the determination of a third spectral den-
sity, Jo(0). This paper reports the first experimental measure; ¢ | oatson and R. L. Vold, NMR Basic Prin. Prog. 32, 1 (1994).
mel?t of th;e or|entat!on dependencelgfO). Thecomblpatlpn ? 3. Z Hu, W. Wang, F. Liu, M. S. Solum, D. W. Alderman, R. J.
of (gand H relaxatlon dqta also allowed the determination of  pygmire, and D. M. Grant, J. Magn. Reson. A 113, 210 (1995).
the “C—H dipolar coupling strength and, thus, thée—'H 3. L. Frydman, G. C. Chingas, Y. K. Lee, P. J. Grandinetti, M. A.
bond length. Eastman, G. A. Barall, and A. Pines, J. Chem. Phys. 97, 4800
This paper describes a method for obtaining information (1992).
about molecular motion with a level of detail previously un-4. v. A. Daragan and K. H. Mayo, Prog. NMR Spectros. 31, 63 (1997).
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