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HYDROGEN AND DEUTERIUM NMR OF SOLIDS

BY MAGIC ANGLE SPINNING

Richard Raymond Eckman

ABSTRACT

The nuclear magnetic resonance of solids has long been
characterized by very large spectral broadenirg which arises from
internuclear dipole-dipole coupling or the nuclear electric
quadrupole interaction. These couplings can obscure the smaller
chemical shift interaction and make that information unavailatle.
Two important and difficult cases are that of hydrogen and
deuterium. For example, the homonuclear dipolar broadening, HD'
for hydrogen is usually several tens of kilohertz. For deuterium,
HD is relatively small; however, the quadrupole interacticn causes
a broadening which can be hundreds of kilchertz in polycrystalline
or amorphous solids. The development of cross polarization,
heteronuclear radiofrequency decoupling, and coherent averaging of
nuclear spin interactions has provided measurement of chemical
shift tensors in solids. Recently, double quantum NMR and double
quantum decoupling have led to measurement of deunterium and proton
chemical shift tensors, respectively. A general problem of these
axperiments is the overlapping of the tensor powder pattern spectra

of magnetically distinct sites which cannot be resolved. In this
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work, high resolution NMR of hydrogen and deuterium in solids is
demonstrated. For both nuclei, the resonances are narrowed to
obtain 1iquid-like isotropic spectra by high frequency rotation of
the sample about an axls inclined at the magic angle, Bm =

1/2),with respect to the direction of the external

Arccos(3”
magnetic fleld.

Two approaches have been developed for each nucleus. For
deuterium, the powder spectra were narrowed by over three orders of
magnitude by magic angle rotation with precise control of B. &
second approach was the observation of deuterium double quantumr
transitions under magic angle rotation. For hydrogen, magic angle
rotation alone could be applied to obtain the isotropic spectrum
when HD was small. This often occurs naturally wher the nuelei
are semi-dilute or involved in internal motion. In the gereral
czse of large HD, isotropic spectra were obtained by dilution of
1H with 2H combined with magic angle rotation. The resolution
obtained represents the practical limit for proton NMR of solids.
Theoretical and technical aspects are described in the text with

comments on the application of the principles to other nuclei of

interest.
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I. INTRODUCTION AND THEORY

A. Introduction

In recent years a grea: deal of progress has been made in under-
standing the effects of pulsed radiofrequency irradiation of spin systems
in matter. The cornerstone of the theoretical work in magnetic resonance
which will be used to describe the experiments presented here was derived
from a time dependent perturbation theory and is referred to as coherent
averaging thenry or average Hamiltonian theory. JIn this chapter the
average Hamiltonian theory will be applied to the evolution of the density
mavrix describing the NMR spectrum of rapidly rotating solids. This pro-
vides the analysis of high resolution NMR in solids by magic angle sample
rotation. To establish a perspective, a brief review of the NMR
Hamiltonian and the average Hamiltonian theory is first presented. This
is followed by a review of recent advances in NMR leading to measurement

of the chemical shift in solids and other "high resolution"” parameters.

B. NMR Hamiltonian and Coherent Averaging Theory

1. Nuclear Spin Hamiltonian
The Hamiltonian describing a collection of nuclear spins in
& strong uniform external magnetic field subjected to radio frequency

irradiation may be written (1,2)

Hoxternal ¥ ¥inrernar * %retaxation (1-1)

a. External Hamiltonian
The Zeeman interaction of the nuclear magnetic moment

with the external magnetic fileld is written



n.
*, 'E ¥i%: 101 'E ©9,1%2,1 (1-2)

where Iz i is the Hermitian operator for the z-componment of spir angular
momentum of the ith spin and Y: its gyromagnetic ratio in rad/{sec-Gauss).
The direction of the magnetic field defines the 2 axis in the lab frame.
The Larmor frequencies of some nuclei of interest on the spectrometers
used in this work are listed in Table I.

In the high temperature approximation the reduced equilibrium density
matrix is p = 1 ~ B¥ and the nuclear spin polarizaticn is
Tr(pIz) = NBoy:h21(1+l)/3 kT erg/Gauss where N is the number of spins.

Radlo frequency irradiation gives a Zeemzn type interaction

M;f = -g Y:BI[IX,icos(wt+¢) + Iy’isin(mt+¢)]. (1-1)

Bl is typically three to five orders of magnitude smaller than BO’ bur
is orierted in the x-y plane and thus can be used to rotate the direction
of nuclear polarization. Its effect is usually considered in an inter-
action representation which removes the explicit time dependence, i.e.,

the rotating frame defined by Hot - exp(—imIthk exp(iwIzt) = —(uo-m)Iz -

mlIx. BO, Bl and the phase, ¢, are under the control of the experimenter.

b. Internal Hamiltonian
A wealth of chemical information is derived from measure-
ment of the NMR spectrum due tc the internal part of the Hamiltonian.
Its main terms are the dipole-dipole couplings, nuclear electric quadru-
pole couplings, the chemical shift, and nuclear spin-spin couplings
which are described briefly below. The relative magnitudes of these
couplings vary widely among the nuclides and from sample to sample due

to molecular and crystal structure.



TABLE I: Larmor frequencies of various nuclides {M Hertz)

EXTERNAL MAGNETIC FIELD

NUCLIDE 42.7 kGauss  84.7 kGauss
oy 13.2 26.1
2y 27.94 55.35
g4 36.2 71.6
75 47.4 94.0
13 45.8 90.7
1y 182.0 360.6




1) Dipole-Dipole Coupling
The dipole-dipole coupling between nuclear magnetic

dipole moments is given by the expression
%, = Z w ML, - L - 3 gy A, 2y
1% 1y 0 g - 3y 0yt Xy
= a.n . 0 -
1Zj Hvyvylly c Byt 4yl (-4

where Eij is the vector between nuclei i and j, and Eij is a traceless
and symmetric Cartesian tensor. It thus describes the interaction energy
of each nuclear moment with s magnetic field produced by all other
nuclear moments. This Iinteraction is interesting since it depends on
internuclear distances and orientations. 1Imn high magnetic field only

the secular terms of WD contribute to the emergy in first order, which

for identical spins are given by

D,sec
H %% = -rw s (k)(3cos By~ (3L, T, 5= 10 1)
1<)
= Z -her—3(k)(3coszB -1[21 .1 - ((aI, .1 + 1 )1
1% n'ij ij 2,172, +10-,5 T I it
(I-5)

where Bij is the Euler angle relating the principal axis or Eij to the
lab z-axis and Is identical to the polar angle, Bij’ of the internuclear
vector, Lij’ in the lab frame. When the spins are unlike, Yy # Yj‘ the

I+I_ + I_I+ or flip-flop spin term in Equation I-5 is no longer secular.

2) Quadrupole Coupling
For nuclel of spin I=1 or greater, the interaction
of the nuclear electric quadrupole moment with internal electric field

gradients at the nuclear site leads to the “quadrupole™ coupling



e ClON

I ik - Q.2 .2
* §41(21-1) [31; s~ T(T41) + Cn(r,  +17 )1 (1-6)

where e 1s the electronic charge, q is the "field gradient" related to
local electronic structure, ¢ 1s the nuclear quadrupole moment, and nQ
is the asymmetry parameter to be defined in a later paragraph. This form
15 derived from the quadrupole term of the interaction energy between the

nuclear and electronic charge distributions, which 1s due to the finite

nuclear volume, and is written

xq-ggi~gi-11. (1-7)
In bulk matter there is generally zero electronic orbital angular momen-
tum and g is a traceless Carteslan tensor which is the expectation value
of its corresponding electron operators over the electronic wavefunction.
Equation I-7 is written in the principal axis frame of V. since the
external nuclear spin Hamiltonian is conveniently described in the labor-
atory frame defined by Bz, a rotation of operators in Hb is performed to
describe Mb in the lab frame. Taking n = 0 for simplicity then

= IZCOSB + IxsinB and the result is

L

(1/2)(3coszs-1)[31: PR 162503

e’ (),
(KQ = EZT(ZI——D +(3/2)sicBeosBlT, (T, 4T )+ (T,  +T_ DT, ]
120072 2
+(3/4)sin"8 (I +17 1) (1-8)

where the first term in large brackets is the secular term. Transforma-
tion properties of the tensor operators under rotation is reviewed below.

¥ contains spin operators of only the ith nuclear spin.

Q



3) Chemical Shift
The chemical shift arises from small magnetic fields
at the nuclear site due to induced diamagnetism and paramagnetism of the
surrounding electrons. It provides the chemist with a powerful tool for

determination of molecular structure and is written

n
i o= gth[}_i'gi'}}]- 1-9)

The secular term is

a,5ec

H = (1-10)

g 99,1%2,1%z2,1

t
and again this Hamiltonian contains spin operators of only the i h spin.

4) Spin-8Spin Coupling
The indirect nuclear spin-spin or "J'" coupling adds

detailed fire Structure to the NMR spectrum and is written

< I . (1-11}

For like spins 1,j with large differences in their chemical shifts or

for unlike spins i,j the truncated secular J coupling is

J,sec _

): (I-12)

J..I_ I ..
1<j ijz,17z,3
c. Tensor Description and Rotations

The terms of the internal Hamiltonian written above in

Cartesian tensor formalism all have the common form (3)

(1-13)



T contains dyadic products of the coupled vect;rs, either two nuclear
spin vectors or one spin vector and a vector magnetic field. The R are
rank two tensors derived from the nature of the coupling. The spectro-
scopically observable terms of R are its isotropic and traceless sym-
metric components; R(o) =1/3 Tr(g) and R(z) respectively. 1In its
principal axis frame (PAS), which is in general fixed in the molecule

2 defined

or crystal, R is diagonal with principal elemerts Rxx’ Ryy' Rz

such that IR - R(O)I > [R - R(O)I > IR - R‘n)l. The latter are
zzZ XX vy
the principal elements of R(z). It is convenient to define the aniso-

©)

tropy parameter, § = ha - R , and asymmetry parameter,

n = (Ryy - Rxx)IG, which gives in the PAS

-45(1-1) [4] 0
k=P +sl o mam o] (1-14)

0 0 1

The asymmetry is 1  n # 0 and when the tensor has axial symmetry, n = O,
then R, _=R,and R, =R __=R,.
22 1l X Yy 1
In studying the behavior of the spin system under rotation, it is

convenient to write the internal Hamiltonian in irreducible spherical

tensor form and Equation I~13 becomes

2
k=c] ] DR, T, (1-15)
L m=-% 4 ’

The couplings R are then readily transformed from PAS to LAB by use of

the Wigner rotation matrices with the expression

(LAB) (PaS)
R %m’ (1-16)

3
o " 5' LI CHLR



where a, B, y are the Euler angles. The connection between the RL m and
bl

the Ra above the PAS is

b

)
R0 = R

S
RZ,O = (3/2)%
R, , = ~(1/2)ns (1-17)

Since the Rab are symmetric and second rank, then £ in Equation I-16 is
restricted to & = 0,2 and for Rl,m(PAs) the non-vanishing elements have
n=0, *2,

The products T in Equation I-13 may be written once and for all in
the irreducible spherical basis set of their rotation group, 0(3), and

=621 - 1.
the set is denoted Tl,m‘ For instance, TZ,O(mb) 6 (3I0 I.1),

where the spin operators are defined

I,=1I % il
* x y
IO = Iz
-
Ly =+ 71, (1-18)

The standard basis set T and the useful Wigner rotation matrix D2 are

L,m

given concisely in Reference 3. The use of irreducible tensor methods
is described in many texts (4,5).
By substitution of the appropriate trigonometric expressions,

Equations I-5, I-6, and I-10 become

yDssec _ I _(;’)Yihrﬁ

2
LAB o4 (3cos™8, -3 1 -1 Ij) (1-19)

j 0,170,] i



e?(q0)
n; e -1 awer Ty 100 Geos’8-1) + Gandstn g coszy1 (12 -12)  (1-20)

(1-21)

o,8ec _ ] 2, _ o . 2
W0 { wo’i{aii-(k)éi[(3cos By 1)4'nisin BacoBZYu]}Io,i

where o, is the isotropic chemical shift normally observed in fluids.

i

Since [HD sec HD,sec

ik

results in a homogeneous resonance with a shape close to Gaussian and no

] # 0 the dipolar coupling for more than a few spins

singular features. In this case the moments of the resonance may be
measured and related to HD,sec by the Van Vleck method of moments (1).
In a powder or amorphous sample all orientations (u,ﬂ,y)i are equally
.probable and a continuous distripution or inhomogeneous "powder pattern"

0,s82¢

sec
of the resonance is observed for HQ’ and H The resonance line-

shape for no»5ec

is illustrated in Figure 1. Figure la depicts the line-
shape for axial symmetry and Figure 1b shows the case n ¥ 0. TFor a
quadrupolar nucleus I = 1 in high magnetic field the lineshape, I{(w),

Q,sec for n = 0 1s shown in Figure 2., It is composed of over-

due to H
lapping right and left handed patterns as shown in Figure la which are
due to the two single quantum (Am = 1) transitions in the three level
system (I = 1, m = -1,0,+1). The angle 6(=BQ in Eq. I-20) is the polar
angle of the principal axis, sz, of the coupling tensor x in LAB.

In writing Hamiltonlans hereafter, the summation over all spins will
be dropped for convenience unless specifically needed. It is also con-
venient to define parameters which are related to the magnitude or

"strength' of a given term of the Hamiltonian. These are illustrated in

Table 1II.



(a)
oL oy
(bl
| 1
o 22 Oa3
XBL 765-713

Figure 1
Powder pattern lineshapes for anisotropic NMR chemical shifts
in high magnetic field. (a) Lineshape for axially symmetric

chemical shift tensor. (b) Lineshape for asymmetric tensor.
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e

- 9:90°

T \ T T T T w
-wq - /zCUQ 0 |/2CU° (AJ0

XBL 8111-12667

Figure 2

Theoretical powder pattern lineshape, I(w), for axially
symmetric spin I = 1 quadrupole interaction in high magnetic field.
The quadrupole coupling is wQ = (3/4)e2qQ and O 1s the anple between
the principle axis of the quadrupole tensor and the direction of
the external magnetic field.



TABLE IIi: Magnitudes of terms in nuclear spin Hamiltonian in

high maymetic field

Magnitude Delinitlon Name

B
] Taop Larmor frequency
vy ly B strength of r.%
2'n71 ot
irradiation
*

(sz)%/2 « H;IZ (second moment) | full width at half
maximum of dipolar
broadened resonance

_ 1_2' -3 2 _ <
wpy 2Ynlr1j(3cos Bij 1) dipolar coupling for
spin pair i,j
3¢90 1. 2
%Q FOL-D E(Bcos BQ—l) quadrupole coupling
+ %nqsinzBQcoszYQ
g 3e2qQIAI(ZI—1) quadrupole coupling

*
Precise definition depends on lineshape function, usually

Gaussian (see Ref. 1).

12
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d. Relaxation Hamiltonian
interactions of the nuclear spins which cause spin

lattice relaxation av: grouped into lk. In the typical case, e.g., an
organic molecular solid where there sre no unpaired electrons, the in-
ternal Hamiltonian has a time dependence due to relative motion of the
nuclei in the solid and can be rewritten as H = Ho + Hl(t) where “0
contains the terms which remain time dependent. Hl(t) couples the spin
system to the lattice and causes the return to thermal equilibrium.
Spin diffusion, a mutual flip-flop transition of spin pairs induced by
the Iili + Ifli term of the dipole coupling, tends to maintaia a uniform
spin temperature in the system in its approach to equilibrium. When the
system can be divided into subsystems of spins with non-equidistant
energy level spacings, e.g., spins with different Y, or spins with
identical o and largely different quadrupole couplings, the flip-flop
transition may be quenched since it is not energy conserving. Cross
relaxation may be induced between subsystems when the energy spacing may
be controlled bv the experimenter to produce a level crossing (6). A

particular case of quadrupolar deuterium (I=1) nuclei is considered in

Chapter III.

2. Coherent Averaging Theory

a. Theory
The advent of magic angle sample spinning and the use of
multiple rf pulse sequences.in NMR has led to a variety of new experi-
ments in recent years designed to remove the effect of certain terms of
the internal Hamiltonian while preserving others. In these experiments

E s
a time dependence is introduced into internal and a time averaged



Jf:l.nt:‘:rnal
the coherent averaging theory which is briefly reviewed here (3).

is observed. Development of new methods has been guided by

The total Hamiltonian of the spin system is subdivided into an

explicitly time dependent part and an internal part

Hom A (0) +H (1-22)

In a classical sense, the effect of ﬂi(t) is to cause a precession of
the nuclear magnetizations about the direction of ﬂii_}. The internal
Hamiltonian is usually the chemically interesting term and contains the
terns of the internal Hamiltonian described in the previous section.
Transforming to an interaction represeniation, the periodicity of ﬂi(t)

is transferred to ¥
int

-1
innt(t) = U1 () J'Cintul(t) (1-23)

where

t
Ul(t) = T expi-1i J Mi(t')dt'] (1-24)
0

and T is the Dyson time-ordering operator. The time evolution of the
spin density matrix is found by solution of the equation of motion,

dp/dt = -i[¥,5] and the result is given by

p(t) = U(E) plt=0U (r) (1-25)

where U(t) = Ulgt)Uint(t) and

t
Uint(t) = T exp[-1i Jo J('i“t(l:')d':'] (1-26)



When the time dependence caused by JCI (t) is cyclic then 3('1(t+1) =
Jfl(:) and Ul(t+tc) = Ul(t), where t, is the cycle time aud T may be
finite or infinitely short. Under these conditions the evolution of
p(t) may be observed at nultiples' of tc where Ul(Ntc) =1 and
Uint(Ntc) = [Uint(tc)]u. Thus the time average of J('mt(t) over one cycle
may be used to describe the long time evolution of p(t). Since there may
be many time dependences in Equation I-26, the Magnus expansion has been

used to express Uint(tc) more conveniently according to
t
= _ ' v
U (tc) T exp{-1 JO nint(t )de']
= expl-1 P+ 7+ 7 4+ TR (1-27)

where

t
[
7 - are) [0 ¥, (e)de
t EZ

C
(-1/2cc) jo de, [0 de. [%, (cz),x (cl)]

1" int int

tc t3 t2
(-1/6t ) J d:3 J dt, J e,
¢ o 0 ()}

2

{Ix

ine (630 e (520 %

int nt (tl il

+ 0 (), B (65) 3 () 110 (1-283

Notable features of the average Hamiltonian X = 5(0 + ﬁl +JZ2 + ... are
that it 1is now time independent and that the series may be truncated at
any term to leave an Hermitian operator.

The well-known "truncation"” of NMR Hamiltonians in high magnetic

field due to time independent perturbation theory is readily described

15
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in the coherent averaging formalism. The time dependence is due to the
Zueman coupling to the field, ﬂi(t) - -moIz and Ul(t) = exp(imOIzt),
wherein £, = Zw/wo. Thus terms which do not commute with Iz average to
zero in ﬂo; they are "truncated". In general, in corresponds to the
first order time independent result {(wherein m&nt perturbs ﬂi and the
latter determines the tc) and when A ~ Hﬂintﬂlﬂﬂiﬂ is small (where
double lines indicate magnitude) then in+1 << 7 and the il approximates
the second order time independent result. The general criterion for
rapid convergence of the expansion is that tcﬂﬂintﬂ << 1; thus in the
case of sample rotation w tust exceed the breadth in frequency of the
homogeneous part of the resonance linewidth.

Since the total Hamiltonian is the sum of terms which do not all com-
mute with each other, one can define multiple time dependences, Mi(t),
and calculate averages over averages, #. This is a typical case when
Hﬂhﬂ >> Hﬂbﬂ or a particular part of Nb, e.g., the coupling between spins
i and j, is much larger than the coupling between all other spins 1 # j.
It also occurs when the sample is rotated which introduces a time de-

pendence in the spatial variables of ﬂ; When the cycle times of the

nt’
various interactions are very different, the theory reviewed above may
be applied repeatedly, beginning with the interaction for which tc is the

smallest.

b. Rotations in Coordinate Space
In NMR studies of solids the spatial variables of the
Hamiltonian, i.e., the (a,B,Y)i, are often time-dependent due to molec-
ular motions or rotation of the sample, 1In this case coherent averaging
theory may be applied sad since the explicit time dependence is in ﬂint

no further interaction representation is necessary. It is useful at this
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point to consider the example of rotation of the sample about a single
axis or a molecular motion in the solid which is viewed as a continuous
rotation about a single axis.

Using spherical tensor form, Equation I-16 may be applied twice to
transform the coupling tensor Rl-m(D,V,a,J) from PAS to a reference frame
fixed in the rotor (sample rotor or molecular rotor), which is usually
labeled CRS, and then from CRS to LAB. The general result for the second

rank (2=2) terms is

(Pas)

o = 1 02, (@heta I bk, Gatust v ORETA (1-29)
m m ’

Ry .0

where m" = 0, *2 (see Eq. I-16 and discussion) and m = 0 when only sec—
ular terms are included. The Euler angle set (a',B8',Y') is constant for

each particular nucleus i or pair i,j and brings R n into CRS. The

2
transformation to LAB is illustrated ia Figura 3. CRS is chosen fixed

in the rotor with its z axis parallel to the rotor axis. Fecr example,

in the top of Figure 3 is shown the orientation of the principal axis of
an axially symmetric (n=0) coupling tensor, R", in the rotor fixed
frame. The Euler angles, 8',n' are equivalent to the polar angles 8,¢
respectively of R". The transformation from CRS to LAB is made by the
Euler rotation (a",8",Y") which is illustrated in the middle and bottom
of Figure 3. Rotation by Y" about the z axis of CRS brings the coupling
into an intermediate tilted LAB frame and since this z axis is the axis
of the rotor, y" = w t. Rotation by B' about x'(tilted LAB) = X(LAB)
brings the coupling tensor into the LAB frame. The Euler angle a" repre-
sents a rotation z»out the Z LAB axis under which the NMR Hamiltonian is
invariant, thus a" = 0. In summary, the Euler cet which brings CRS to

LAB is (0.6",mrt) and is time-dependent due to the sample or molecular

rotation.



rotor fixed frame
(x,y,2)

tited LAB frame
(x,y\2"

x ——

LLAB frame (X,Y,Z)

XBL 75%0-124%8

Figure 3

Euler anples for the transformation of nuclear interaction
tensors from the molecular or crystal frame of reference in a
rotating sample to the laboratery frame defined by the external
magnetic field. RI 1s the principle axis of an axially symmetric

tensor coupling and Wy is the frequency of sample rotation.
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An important point of the coherent averaging theory as expressed in

Equation I-28 is that when ﬂlnt commutes with itself at all times all the

higher order terms ﬁl + ﬁz + ... vanish identically. When this is the

LI pos8ec

case, i is termed inhomogeneous. and are inhomogeneous.

int
However, since in Equation I-20 [19’51] ¥ 0,the dipolar coupling between
pairs 1,j and 1,k do not commute at all times and .the dipolar coupling
is in general homogeneous. The ramifications of this fact will be dis-
cussed in the next section. In the present case it is assumed that the
sample or molecular rotation is much faster in frequency than the magni~

2.4
tude of ﬂint in frequency, w >> (Aw )int’

In calculating the average Hamiltonian for the rotation, all terms of
D:. 0 in Equation I-29 with m' ¥ 0 contain the angular factor

’ 21/
0

term with m' = 0 survives. Thus RgLSB) is proportional to DS O(B") =
£ ] *

exp(im'y") = exp(im'urt). Since I r exp(inmrt)dt = 0, only the
(3COSZB“ - 1). By insertion of the trigonometric f.cct’ons and using the

definitions of Equation I-17, Equation I-29 becomes
R{MAB) 1y (3c0s28"-1) (3/2) % {1 (3cos?8"-1)
’
- (H)nsinzﬁ‘cosZY'}. (1~30)

Since the quadrupole and dipole-dipole coupling, V and D, are traceless
the RO,O(E. 0) terms which remain in the average Hamiltonian are o and J,
the isotropic chemical shift and spin-spin couplings.

In th2 case of uniaxfal molecular rotation, CRS is fixed in the molec-~
ular rotor and the Euler set (a',B',Y') has a fixed value for the nuclei
in the rotor. Thus the factor in curly brackets in Equation I-30 is a

number. For a powder sample there exists an isotropic distribution of



angles B" and Equation I-30 thus describes an axially symmetric powder
pattern as depicied in Figure la. Thus even if n # 0, the molecular
rotation eliminates the asymmetry.

For the case of sample rotation, CRS 1s fixed in the sample rotor
and for a powder there exists an isotropic distribution of Euler angles
(a',8',Y'). The angle between the axis of the sample rotor and the
direction of Bo, B", is adjusted by the experimenter. When the spinner
axis is adjusted to the "magic" setting, B" = Arccos(B_%) = 54,7° =
15(109.5°) = Bm(magic angle or MA) and Dg’o vanishes. Thus the second
rank terms of all the secular interactions of H}nt vanish in the zeroth
order average Hamiltonian even for an isotropic distribution of
(a',8",Y"). A useful fact, as poilnted out by Pines and discussed by
Stejskal et al. (7), is that an offset from the magic angle represents a
scaling of the anisotropic lineshape by Dg,o # 0. Comparing Equation
I-30 to Equations I-20 and I-21 it is clear that sample rotation pre-

serves and scales the original anisotropic/asymmetric coupling.
C. Recent Advances

In this section a brief overview of recent advances in NMR which

lead to the measurement of the chemical shift In solids is presented.

1. Proton-Enhanced Nuclear Induction Spectroscopy
In solids the chemical shift is usually completely obscured
by a larger homonuclear dipole-dipole coupling, Hgs. Broad Gaussian
lineshapes usually result from which little can be gained. While the
homonuclear dipole coupling, can be reduced or removed by isotopic

dilution of the observed spins, 5, the resulting loss of sensitivity is

20
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a problem. These twe basic difficulties were solved by the introduction
of Proton-Enhanced Nuclear Induction Spectroscopy (8). Here, the obser-
vation of dilute spins, S, in a sample with abundant spins, I, which are
usvally protons has made measurement of chemical shift tensors of the S
spins in solids available. Hgs is removed by dilution, which for the

case of 136 is natural since they are only 1% abundant. Sensitivity is
enhanced by transferring polarization from I to S by a Hartmann-Hahn

matching of their Zeeman energies in the rotating frame. The polariza-

tion in the S spins can be enhanced by vi/v:, which i1s four for 13C - 1H

and 6.5 for 2H - 1H. The S system is "cross polarized” from the I system
via energy conserving flip-flop transitions induced by their heteronuclear
dipole-dipole coupling, H?S. Thus the S system may be repolarized after

T1 of the I system, which leads to a large savings in time when T: << Tf.

2. Magic Angle Sample Spinning
In high field NMR, the secular terms of the internal Hamil-
tonian are described by a second rank tensor which is proporticnal to
Pz(coss) = 5(3c0528-1) where g is the angle between the principal axis
of the tensor in PAS to the Z direction of the external magnetic field.
This fact was exploited early in the development of NMR when it was
noticed that the isotropic average of the internal Hamiltonian would be
D,sec, HQ,sec

observed when B = Bm where Pz(cosS) vanishes. Since H are

0.8€c HJ,sec are tne isotropic values ob-

traceless and the trace of H
served in a fluid, the broadening of spectra of solids could be removed

by rotation of the sample about the magic angle. When the fast spinning
criterion is not met for an homogeneous interactionm, e.g., for HD’sec,

1
the correction terms J- + ﬁz + ... in Equation I-28 are substantial and



only a slight to partial narrowing is observed. Thus the drawback

appeared to be that in order to observe the isotropic couplings, one

would have to rotate the sample faster in frequency than the magnitude
1,

of the broadening, w, > (Amz)g, which 1s clearly impossible in the

general case.

Andrew et al. (9) and Lowe (10) first developed high speed turbines
te rotate solid samples at speeds of several kiloHertz and observed that
dipolar broadened lines can be substantially narrowed in cases where ﬂb
is small. Chemical shifts and scalar coupled maltiplets were observed
and the second moment of the resonance was shown to be conserved under
magic angle spinning.

Recently it was found that sample rotation has a dramatic effect on
an inhomogeneously broadened resonance, even when the frequency <i rota-
tion, Wes is much less than the imhomogeneous linewidth. Stejskal et al.
(7), and Lippmaa et al. (11) demonstrated that w, must only exceed the
homogeneous width, 60, of the spin packets which comprise the inhomogen-
eous resonance and that sharp sideband spectra are obtained with "slow"
spinning. When the broadening is largely inhomogeneous, the correction
terms in Equation I-28 are small and ﬁo suffices to describe the evnlution
of the spin system at multiples of the spinner cycle. An elegant treat-
ment of NMR in rotating solids has been given by Maricq and Waugh (12).
Thus when Hgs of the observed S spins is small, the inhomogeneous broaden-

ing due to the chemical shift anisotropy may easily be removed. Thls is

the natural case for ]3C, 31P in solids and Proton-Enhanced magic angle

spinning 130 NMR has quickly become the chemist's standard tool. Isotropic

chemical shifts have also been measured by Lippmaa et al. (13) for a
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variety of NMR nuclei for which Hgs is naturally small including 295i,

119Sn.

3. Multiple Pulse Line Narrowing

The combination of the application of many rf pulses with
suitable time delays to build cyclic propagators, U, for the spin
density matrix has produced the ability to remove the homogeneous dipolar
broadening of NMR spectra of solids (3). This technique, labeled mul-
tiple pulse line narrowing, has further been combined with magic angle
sample spinning in order to obtain isotropic liquid-like spectra even
of protons where the dipolar broadening can be 50-100 kHz (14,15).
Recent advances have included pulse sequences to eliminate higher order

correction terms in X and reduce the effects of imperfect and weak rf

pulses (16).

4. Double Quantum Fourier Transform NMR

The "forbidden" double quantum (Am=2) transitions in the
three level system of a nucleus with I = 1 can be induced with a weak rf
irradiation, wy < mQ. Vega and Pines (17) have developed a fictitious
spin % operator formalism to describe the preparation and detection of
multiple quantum coherence, i.e., the coherent superpcsition of the
nuclear spin eigenstates represented by off-diagonal elements of the spin
density matrix. Observation of deuterium double quantum transitions was
develcped for pulsed Fourier transform NMR with heteronuciear double
resonance decoupling (18-21). Since the high field, secular quadrupole
coupling, is proportional to <I: - % !2> - mz - % I(I- 1), the *m nuclear
eigenstates are ghifted equally as shown in Figure 4. The deuterium

double  quantum transition with Am = 2 for spin 1, remains unaffected
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Energy level diagram showing tramsitions with &m = 1 for
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by HQ’SQC. Observation of the double quantum spectrum of deuterium in

sec allowing

solids effectively removes the large broadening due to HQ’
the much smaller chemical shift temsor to be measured and providing a

novel approach to high resolution NMR in solids.

5. Deuterium Double Quantum Decoupling
An additional approach to high resolution proton NMR in
solids, developed by Pines, Vega, and Mehring (22), is the observation
of spectra of isotopically dilute protons, S, in a deuterated solid.
Dilution of the protons reduces their homonuclear dipolé coupling, Hgs,
to a very small value. Rf decoupling is then used to remove the broad~
ening of the proton spectrum due to the heteronuclear dipole coupling,

B.., with the surrounding deuterons, I. The homonuclear dipole coupling

D
Is
of the deuterons, H?I’ is small and can be neglected.

For rf decoupling of spins !, the heteronuclear spins, I, are ir-
radiated near their Larmor frequency with an effective decoupling field

v, = (Amz-meI)% where Aw = w,. - w and § = Arctan(mlI/Am) is the angle

01
between the direction of the effective field and the LAB Z axis (23).
Decoupling requires approximately that Wy > Am,w?s, i.e., the decoupling
strength must "cover" the larger of the resonance offset or dipolar
broadening. To observe the dilute protoms, the dipolar coupling to spin
1 deuterium must be decoupled. The quadrupolar broadened resonance of
the deuterons, shown in Figure 2, may be as large as 260 kHz or more in
breadth. The unavoidable large offsets would appear to make decoupling
extremely difficult when usually w, y may be a few tens of kiloHertz.
However, by inducing rapid double quantum transitions of the deuteronms,
efficient decoupling was achieved with substaniially reduced rf field

strength requirements. Using the fictitious spin % formalism, it can be



shown that in the fictitious double quantua frame the effective decoupling
2, 4 ,2% 2

field is w, = [(28w)° + wlI/QQ] with 6 = Arctan(mlIIZAwnq) in analogy

with the single quantum case described above. The important point is

that Adw = Woy = @ does not depend on QQ and can be made small so that the

reduced requirements for decoupling are wil > ZAMQQ’NESQQ which are easily

satisfied with current technciogy. Thus the complete high field proton

chemical shift tensor could be measured im the solid.
D. High Resolution NMR in Solids by Magic Angle Spinning

1. High Resolution NMR

The basic goal of the experiments to be described her~ is
the removal of linebroadening in solids due to dipole~dipole couplings
and anisotropic terms of the internal Hamiltonian. When this is done
the isotropic chemical shift may be observed and liquid-like spectra
obtained. At the same time, it is desirable to retrieve the values of
the snisotropies whenever possible, since they provide additional infor-
mation about chemical and physical structure. One of the most important
chemical nu:lei is that of hydrogen and the bulk of the work described
here is the use of magic angle spinning to observe high resolution spec-
tra of hydrogen and deuterium in solids. 1In this section, the coherent
averaging theory is applied to the case of sample rotation. The NMR
Hamiltonian was reviewed in Chapter IB and in the following paragraphs

several cases with various magnitudes of Hb, M&, and Hb are considered.

2. Presence of Large Dipole-Dipoie Couplings
When the homonuclear dipole-dipole coupling dominates the
1

]
internzl Hamiltonian of the observed spins, i.e., when (AwZ)D is much

greater than the spread of chemical shifts, and Mb = 0 then broad,
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featureless res: nances are usually the rule. This is the typical case
for hydrogen in solids where Gaussian lines of 50-100 kHz breadth are
often observed. When the sample is rotated, ﬂb is rendered time depen-
dent. Since the time dependence induced in the internal Hamiltcwian .y
the Zeeman coupling is meny orders of magmitude larger, wo >> w., we may
first average over the faster time scale (truncation to secular terms)
and then average over the sample rotation. As r2ted previously, ﬂb is
removed by magic angle rotation in general only for fast spinniny and
isotropic spectra obtained only when (Amz)z is less than aitainable
spinning frequencies which sre some several kiloHertz.

In many instancer, e.g., spins with low L and sol}ds in which thers
is rapid molecular reorientation, the broadening (Auz); happens %o be
small enough to be effectively spun away. On the othef hand it is often
necessary to dilute the observed spins to reduce (Amz):. This may occar
naturally if the spins are relatively far apart in their bonding arrange-
ment or if the observed nuclide has a low natural abumiance. 1In the case
of hydrogen, dilution by isotopic substitution with deuterium is usually
necessary .

In most cases there will be a substantial heteronuclear dipole-dipole
coupling, Hgésec, of the observed spins, S, with the unlike spin system,
1. There is typically a large difference in the Larmer frequencies mOI
and Yog and the flip-flop term (S+I_ + S_I+) of Equation I-5 is no

D,sec

longer secular. HIS is then given by

D.sec _ nn -3 2, _
B 15' —hvlvsrij(Bcos Bij l)sz,ilz,j' (1-31)

The dipolar Hamiltonian of the combined system (I+S) is then
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D _ ,D,sec D,sec D
R HSS + HIS + HII' (¥-32)

D,sec

The size of HSS can be controlled by dilution, which may also affect

D,sec

the size of HIS i€ isotopic substitution of S with I is used, and to

D,sec

simplify the discussion it is assumed that Hsé = (., Since

D
[H?;SQC,HII] ¥ 0 then under sample rotation HD does not commute with 1t~
self at all times and remains an homogeneous interaction. The fast spin-

1,
i i
ning criterion, w_ > (LmZ)IS, (AuZ)II, must again be met. Also, if the

heteronuclear dipole coupling is removed by rf decoupling, then the

strength of decoupling, w > must be greater than the larger of

) 1
(Amz)'2 or (Amz)
Is I1°

D
When HII

which commutes with itself at all times and is thus an inhomogeneous

is small or can be removed selectively, then HD = H?ésec

interaction. It can therefore be removed by '"'slow'" magic angle sampie
1

rotation where wr << (Amz):s, as will be discussed in detail in the next
section. The arguments above must be modified when either 1,5 have a
large quadrupole interaction and this is the subject of the next section.

In conclusion, the dipolar broadening can be removed in general by
dilution of the observed spins together with magic angle spinning and
heteronuclear rf decoupling. The chemical shift transforms as SZ and
remains inhomogeneous, thus the isotropic value, o, can be measured even
when the spinning frequency is small compared to the chemical shift
anisotropy. Even in the high: st magnetic fields, W, should approach or
exceed typical proton chemical shift anisotropies. Measurement of the
scalar or J isotropic couplings strongly depends on the method of dilu-

tion and residual broadening of the resonances and will be discussed

with the experimental results.

28



29

3. Presence of Quadrupole Couplings of Spins Coupled to the
Observed Spins

In this section the effects of nuclear electric quadrupole
coupling on spectra obtained from rotating solids will be considered.
The nucleus with spin I > % with an electric quadrupole moment may be
the observed spin or it may be coupled to the observed spin via HES.
Quadrupole couplings can be as large as tens of megalertz in some cases.

a. Spin % Dipolar Coupled to a Single Quadrupolar Nucleus

When the observed nuclear spins, S, are dipolar coupled
to an unlike nucleus, I > %, then the quadrupole coupling of the I spins
mixes the I Zeeman states and causes new secular terms to appear in H?s
which do not transform as &(3c0526-1) and do not vanish under "magic"
angle spinning. Linebroadening and some multiplet structure due to this
effect have been observed in 13C resonances in solids in which there are
13C - 14N and 13C - 35Cl bonded pairs. The unusval powder lineshapes
which result have been studied in detail theoretically (24), however,

residual linebroadening due to other sources makes them difficult to

observe.

b. Dilution of Hydrogen: Approach to High Resolution
Proton NMR in Solids

The approach of Pines, Vega, and Mehring to observe
dilute protons in deuterated solids with double quantum decoupling has
been uscd to observe the high field chemical shift powder lineshape (see
Fig. 1). It is a general problem in measuremen: of the interactions of
the inte nal Hamiltonian in polycrystalline oi amorphous solids that the
spectra from inequivalent chemical or crystallographic positions overlap.

Even for a small number of inequivalent positions the complexity of the
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total spectrum makes it difficult or impossible to resolve and identify
each component.

Multiple pulse line narrowing studies on single crystals have pro-
duced measurement of proton chemical shift tensors in several solids
where resonances can be resolved. In the general case there are many
inequivalent protons and such studies have been limited in resolution
and by the need for single crystals. In this section an approach to high
resolution proton NMR by dilution of protons in a deuterated solid com-
bined with magic angle rotation of the sample is described. This approach
allows precise measurement of isotropic chemical shifts with high resolu-
tion for powder or amorphous samples and can be combined with known
methods for retrieving the chemical shift anisotropy.

The relevant internal Hamiltonian for this situation is given by

TR IS LS R AL (1-33)
where § = 1H, I= 2H, and all terms are secular with respect to
H; = Mi +-Hi. Dilution of the protons removes Hgs to a very small value.
Neglecting H? for the moment, the problem is then similar to that
described above for spin %; the dipolar coupling HD = H?S + H?I is homo-
geneous an? the fast spinning criterion must be met. In the typical
)

% *
case (Auz)Is >u, > (Amz)II, and fast spinning is not achieved. However,

?I is to cause the deuterons to be semi-like, i.e.,

D .
HII is truncated to the Iz,iIz,j

the quadrupole couplings of spins i and j. Thus HD is again inhomogeneous

the effect of Hg on H

term when there is a large difference in

and should be effectively spun away by "slow" spinning. A detailed cal-
culation of the residual H?I # O under magic angle spinning is postponed

until the following section, but it is noted here that it prevents the



k)S

complete removal of H?s and thus adds to the width of the isotropic or
narrowed proton resonance,

Thus magic angle sample rotation can remove the dipolar and chemical
shift anisotropy broadening of dilute protons giving the liquid~like
spectrum. Sharp resonances of inequivalent positions can then be re-~
solved. Experimental results on proton NMR in solids from samples at
natural abundance to high dilution are presented in Chapter IV. A
discussion of residual linewidth, the use of deuterium double quantum
decoupling, and comparison with other high resolution methods is also

presented.

4. Observed Spins (5) with Electric Quadrupole Moments

When the observed spins, S > %, have an electric quadrupole
moment the broadening of spectra of polycrystalline or amorphous solids
can be enormous, masking all other terms of the internal Hamiltonian.
In experiments to be described here, magic angle sample rotation has
been applied to remove the inhomogeneous quadrupole broademing and general
theoretical considerations are presented here. When HH&I > HH;H, the
eigenenergies of the nuclear spin states are dominated by the internal
Hamiltonian and rotation of the sample then modulates the Zeeman energy
which is of little practical interest. Thus only the high field case
where ﬂﬁ;ﬂ > HH&I or Hﬂ;ﬂ >> Hﬂbﬂ will be considered. Taking ﬂb as a
time-indepandent perturbation on ﬂ;, the 25+ 1 Zeeman eigenstates are
all shifted in first order giving a multiplet of 2S transitions symmetri-
cally displaced about the center Larmor frequency. This first order re-
sult i1s shown diagrammatically in Figure 4. The symmetry of Wb is such

that the *m levels are shifted identically in first order. Thus when S



is half-integer, the Hs + -% transition remairns relatively narrow and
when S is integer there is no "central transition". Observation of the
central transition for a variety of half-integer spin nuclides has been
made for many years in high field NMR. The lineshape is a complex con-
volution of dipolar, chemical shift anisotropy, and second order quadru-
pole broadening, the magnitudes of which vary widely among the nuclides
and from material to material. Recently, multiple pulse line narrowing
and magic angle rotation have been used to further narrow the central
transition. Some details and calculations of this effect are given in
Appendix A. In the following paragraphs the discussion pertains to
integer spin nuclei, e.g., ZH, 14N(I= 1), for which there is no central
transition.

In order to observe the isotropi. spectrum the large quadrupolar
broadenirg of powder or amorphous samples must be nearly completely re-
moved. For instance, in the case of deuterium the full powder linewidth
(see Fig. 2) may be as large as 260 kHz and a narrowing of over three

sec :
under magic

angle spinning is approximately f = %(BCOSZB—I) and if f = 10_3 is

orders of magnitude is required. The reduction of HQ’

required then the spinner axis must be adjusted within some millidegrees
of the magic value. Clearly, the stability and adjustment of the spin-
ner axis must be very precise. Design and application of sample turbines
to meet these requirements are described in Chapter II.

Experiments described in Chapter III provide an additional approach
to high resolution NMR in solids by observation of deuterium isotopically
substituted for hydrogen combined with magic angle spinning. The deu-
teron quadrupole broadening is nearly completely removed. In the fol-

lowing paragraphs coherent averaging theory is applied to this system.
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The results cbtained are also applicable to 14N in solids for which the

natural abundance is 100%.

—

. Average Hamiltonian

Taking the full spin Hamiltonian 2s in Chapter IBl without
the rf and relaxation terms and performing the average with respect to
the Zeeman interaction as in Equations I-28 with ﬂi(c) = ﬂ; gives the

expression
7= 7% +

- {HQ,sec + Hgésec + Ha,sec + HJ,sec}

+ {owé/wo} (1-34)

2 ,5ec

where the observed spins are S = “H and "0" = "order of". Since H
is usually the largest term by far, the spectrum of Figure 2 should re-
sult for a powder from Equation I-34 and in that case the effect of the
remaining terms are unobservable. Dipolar couplings of S to other nuclei
are assumed absent to removed by rf decoupling. As stated previously,

the quadrupole coupling makes the deuterium system that of semi-like

spins. In the average Hamiltonian formalism a second averaging is per-

C
sec se t).

formed where Mi(t) = HQ’ R Ul(t) = exp(iHQ' The ikvortant conse—

quence of this is that the dipolar coupling is "truncated” and is given by

fy = () + (L)

' " 2
= {Hss + ﬁ(ﬂqli,ﬂq’j)ﬂss} + (OmssluJQ} (1-35)

where § is the delta function and i,j are the usual labels for the spins.
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In Equation I-34 the correction terms of il are smaller than the cor-
responding terms of io by wQ/wo vhich is usually less than 0.2 for 1"N
and 0.01 for 2H. Thus ﬁl can usually be neglected to calculate the
resonance linewidth. In Equation I-35 the impo.. :t term in ii is re-
duced by wsslmQ from the corresponding term in io. This ratio is usually
much less than 0.01 for 14N and on the order of 0.01 for ZH in a perdeu-
terated solid. Thus ﬁl is also neglected with respect to iﬂ. In

D,sec

Equation I-35 the Hg2®® is subdivided into a term H;S «1 .1, and

z,i72,j
"

H" which contains flip-flop type terms. H.. is neglected when Q. . #
SS 5SS 0,1
QQ 4 and this is the case of semi-~like spins mentioned previously. The

»
importance of the higher order terms will bacome clear in the following

paragraphs.
2. Magic Angle Spinning
When the sample is rotated during the NMR experiment the
spatial variables, (u,B,Y)i of the Hamiltonian are made time dependent.
Since the spinning, frequency, Wy is in general orders of magnitude less
than either wgs wQ the coherent averaging theory may be applied a third
time with respect to the gpinning. Since the time dependence is in the

spatial coordinates an additional interaction representation is un-

necessary and the time dependent xint is

ot _ 4Q,sec v "
Hine(t) = HO990(e) + Moo (6) + 80y .80 I (t)

O,5ec J,sec(t)

+ H (t) + H
+ 0Cwila ) (8) + 06iolu ) (E) (1-36)
Q0 5870

This equation may be integrated directly over the cycle t, = 2'n/u)r as



per Equation I-28. The result may be taken to zeroth order, ﬂiﬁ:(o),

sec(t) comnutes with itself at all times and correction terms

since HQ’
ﬂ::t(l) and higher should be negligible (as well as involving extremely
cumbersome eighth rank tensors).

From the Jiscussion in Chapter IB2 it is clear why these small terms

Q,sec will vanish under exact magic angle spinning

must be investigated; H
and they will determine the limiting shape and width of the resonances

(12). The zeroth order average of Equation I-36 is

ﬂizE(O) - Hu,iso " HJ,iso & H"'

(13
2 2
+ OuQ/wo + OwsslwQ (1-37)
where
(AN} r "
Hoo' = ) Hgg *+ 8(R, 128 ()Hgg (1-38)

i<j

and iso = isotropic. Thus the quadrupolar broadening in solids can be

removed by pcecise magic angle sample rotation and isotropic liquid-like
spectra obtained depending on the magnitudes of H;;' and the residual

higher order terms. Since wSS << ags the last term containing Ugg in

Equation I-37 gives a negligible contribution to the resomance linewidth.
However, it may contribute to relaxation in the quadrupolar spin system

and this is discussed in Chapter III. Many cross and higher order terms
have been neglected in the above calculation, especially a term of order

meSS/m0 which may also be important in relaxscion. Explicit expressions
for the terms of Equations I~37 and I-38 are given in Appendix A. 1In the

tey
S3

following paragraphs, the exact resoval of HQ and the effects of H
R

sec

and O(mZ/mo) are discussed.
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3. Residual Homonuclear Dipole-Dipole Coupling
In order to calculate Héé' the modulation of the quadrupole
splitting, ﬂq, during the rotation cycle due to the time dependence
" = wrt must be known to evaluate the delta function, 8, at each instant.
The quadrupole splitting for an axially symmetric coupling (n=0) is
illustrated in Figure 5 for a spin pair 1i,j with I = 1, In Figure 5a

§ = 0 and in Figure 5b § = 1. The splitting, . = %(3c0528'-1)mq 1s

Q
illustrated in Figure 5S¢, The modulation of QQ over one rotor cycle,

0< w_t < 27, is shown in Figure 6 for the magic angle case, B" = B> for
a spin pair, i,j with different orientations of their principal quadru-
pole a2xis in CR5. At various points during the rotation cycle the
quadrupole splittings ctoss, then ﬂq,i = nQ,j and § = 1. The width of

the crossing region depends on the magnitude of the full homonuclear
dipole coupling, (sz)zs, and the steepness with which the quadrupole
splittings cross. Since Wgg << mQ the crossing regions are a small
fraction of the rotor cycle and Héé' should be reduced to a small fraction

D,cec Exact calculation of H;S in Equation I-38 requires knowledge

of HSS
of crystal and/or molecular structure as well as a summation over all

orientations (u',B',Y')ij, i.e., a "powder average'". Due to this limi-
tation an empirical approach is taken. Dipolar broadening of the reson-
ances is extracted from other contributions to the width and correlated

qualitatively to the structure in Chapter III,

4. Second Order Quadrupole Effects
Since the full quadrupole Hamiltonian, Mb, does not commute
with itself at all times there appeared in il with respect to the Zeeman
interaction representation in Equation I-34 a residual term of order

wg/wo which can be written
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Figure 5

Eigenscates and quadrupole splitcting of spin I = )} deuterium in an
axially sympetric field gradient in high magnetic field. (a) Left and
right hand sides indicate spins i and j with uynequal values of their
quadrypole splitting, QQ. Mutual spin flips between deuterons with
unegqual ﬂQ sre quenched in first otde:.j (b)iwgen 90.1 - ﬂq,j' mutual
spin flips via the dipolar coupling I+I_ + I__I+ can occur. {¢) The
quadrupole splitting varies as the angle, B', between the unique quad-
rupole axis and the direction of the external magretic field.
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Figure 6
Modulation of the quadrupole splitting, QQ’ of two deuterons in

a rotating sample over one rotation cycle; 0 = mrt < 2n, The twn spin
I = 1 nuglei have different orientations of their unique guadrupscle
axis with respect to the axis of sample rotation. Dashed boxes enclose
regions where mutual spin flips can occur in first order due to the

matching of quadrupole splittings.
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s =5, 8 + 5,5,

21 " a1
Q 2
Sey = Sty (1-40)

and the T, contain the spatial variables derived from the Rl,m and are
given explicitly in Appendix A. These terms have been evaluated ia detail
by Maricq and Waugh and their results are summarized here. Equation I-39
can be written in the form AIO + BIx where A, B contain all but the spin
operators in Equaticw I-39. The diagonal part, AIO, corresponds to the
result obtained from time independent perturbation theory in second order
and is sufficient to describe the average Hamiltonian when HQ,sec is
large. However, under "magic" angle spinning, HQ,sec = 0, and both A
and B terms are necessary. Both A,B contain tensors up to fourth rank
and do not vanish when B" = 8 Also, ié does not commute with itself
at all times under sample rotation and in order to observe ié experi-
mentally the fast spinning criterion for an homogeneous interaction must
be met, i.e., w_ > qulmlJ The important point is that Jl"(l2 is a function
of (a',B',v')i, or simply Bi wher n = 0, and thus produces a "powder
pattern” broadening.

The fast spinning criterion .x easily met for 2H where usually
mgIZWuO < 1 kHz, Furthermore, in this case the time independent pertur-
bation theory result to second order gives a close approximation to ﬁé in

magnitude with the same lineshape. Since a simple analytiec solution can



be obtained from the perturbation theory resuit, this calculation was
performed. The results for exact magic angle rotation, B" = Bm’ and
ihe nonspinning case are shown in Figure 7. The lineshape in the non-
spinning case, which 1s not normally observed since it is masked by the
first order HQ,sec, is shown in Figure 7a for an axially symmetric
spin~1 quadrupole coupling with principal axis V, .+ Under "fast" magic
angle rotation this lineshape is reduced to that shown in Figure 7b.

The result is that the residual quadrupole coupling in magic angle
rotating solids contributes both a broadening of width 0,0268 wé/Zwmo

Hz and a "downfield" shift of the resonance by 0.1324 mg/ano Hz. As
the axis of sample rotation deviates from the "magic" setting, the large
first order HQ’sec grows rapidly and the lineshape quickly returns to
that depicted in Figure 2, rciuced by approximately (%)(3c0528"—1). A
detailed description of calcnlation is given in Appendix A and comparison

with experiment is given in Chapter TII.

5. Rotational Echoes and Removal of HQ,sec

The result of the coherent averaging theory is that the
evolution of the spin density matrix is known at multiples of the cycle
time. The results above indicate that the quadrupole, chemical shift
anisotropy, and dipolar broadening may be removed under magic angle rota-
tion by observation of the nuclear free induction decay (fid) at multiples
of the spinner cycle. When the internal Hamiltonian is comp~sed of large
inhomogeneous anisotropic interactions, e.g., HQ'SEC, Ho,sec, and the
system is rotated slowly with respect to the anisotropic linewidth (see

Figs. 1,2) and fast with respect to the smaller homogeneous width of the

spin packets comprising the system then the magnetizations of the spin
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Figure 7

Theoretical powder pattern lineshapes, I(Aw), for the second
order perturbation correction to the Zeeman energy for anm axyially
symmetric spin I = 1 quadrupole coupling in high magnetic field.
a) Lineshape for non-spinning sample which is normally unohsexvable
due to *he large first order term. b) Lineshape for magic angle
rotating sample illustrating the broadening and shift of the

resonance line from the Larmor frequency.
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packets will dephase during the rotor cycle nearly the same as they do
in the non-spinning fid. After each rotor cycle they must rephase in a
rotational echo since the average of the anisotropic interaction over
the cycle is the same for all spin packets. The magnitude of the echo
is reduced from cycle to cycle by the slower dephasing due to non-zero
average of the anisotropy when the spinner axis is offset from magic,
different ciso for distinct species P, and T2 decay due to the homo-
geneous dephasing. Thus the fid after a single rf pulse appears as a
train of rotational echoes as illustrated by the deuterium fid in Figure
8 of per-deuterohexamethylbenzene rotated about the magic axis at 4.0
kHz. 1In Figure 8a is shown the on-resonance rotational echo fid and in
Figure 8b is shown the isotropic decay obtained by sampling the peaks of

the echoes, Corresponding fid's under the same conditions, but 0.4 kHz

off-resonance are shown in Figures 8c and 8d.

6. Large Quadrupole Couplings: 14N

The quadrupole interaction for 14N ranges from approximately
mQ/ZW = 0.1 to 3 MHz. The homonuclear dipole coupling is usually less
than 1 kHz and HD, HJ can be neglected under sample rotation. The
zeroth order average Hamiltonian under sample rotation from Equation
I-37 is

ﬁ;:z(o) = Ha’iso + Omg/mo. (1-41)

The homogeneous second order term thus ranges from a few Hertz to some
7 kHz in the highest magnetic fields available (12 Tesla, w0/2(14N) =
37 MHz) with the limits of mQ above. For the larger mQ values, higher

correction terms are important and Equation I-34 becomes
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Figure 8
Deuterium free induction decays in per-deuterated hexamethyl-

benzene rotated about the magic angle at 4.0 kHz. a) On rasonance
decay consisting of rotational echo train. b) Isotropic decay
obtained by sampling the peaks of echoes in a). «c¢) Off resonance
rotational «cho train. d) Isotropic decay obtained by sampling

the peaks of echoes in c).
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%= 30 + 7} + 72

- {HQ,sec + Ho,sec}

g/wg} (1-42)

+ 0upfug + Ouge, fug} + 104
where a cross term of quadrupole and chemical shift terms may become
important. Furthermore, the various terms of Equation I-42 do not com-
mute at all times under sample rotation and the spinning average would be
needed to higher order; i;:i = N;gi(o) + ﬂi:i(l) + ... (12). Also, the
quadrupole coupling for 14“ is usually asymmetric, n # 0. Including the
asymmetry will change the lineshape under spinning (as depicted in Fig.
7), but should not drastically change the values given above.

At a field of 12 Tesla the full range of 14N chemical shifts may be
up to some 30 kHz., In order to resolve differences Ao = 300 Hz = 8 ppm
it is desirable that the broadening, 0.0268 mé/ano < 300 Hz. With these
values and noting earlier discussion in this chapter and Appendix A a
practical limit of wQ/Zﬂ = 0,6 MHz in uxpected for magic angle spinmning
with spinning synchronized data acquisition. For this case the rotation
frequency should exceed the full range of Owélwo (see Fig. 7a) which is
about 2 kHz and easily satisfied. Also, three experimental details be-
cume lmportant for the larger wQ's. First, the sensitivity to spinmer
axis adjustment to remove HQ’Sec precisely is several times greater.
Second, spinning synchronized acquisition of the fid limits the observed
bandwidth (with quadrature phase detection) to the spinner frequency.
"Foldover' of isotropic resonances would have to be analyzed by collecting
spectra at different spinning frequencies (12). Third, nuclei of differ

ent sites may have the same Ho’iso, but different wQ's. The "second
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order" residual quadrupole shift can then aid in separating the
resonances.

The difficulties associated with large values of wQ can be eliminatea
by limiting the effective QQ in an experiment to some fixed value, e.g.,
0.3 MHz. This can be accomplished by selective excitation and/or obser-
vation of only a fraction of the powder., Referring to Figure 2, a slice
of the full powder lineshape centered about 9o with a fraction, f, of
the full powder linewidth contains f of the full integrated intensity.
Since HQ’sec is usually by far the largest term in the internal Hamil-
tonian, all distinct chemical or crystallographic sites are represented
in the slice. Such a fraction still contains all orientations (a',B',y')
with respect to the spinner fixed frame and restriction of 8' to %
{orientations which remain close to the Bm in LAB) achieves a substantial
reduction of the effective second order quadrupole powder lineshape.
Weak rf irradiation during a time not short compared to the rotor cycle
and audio filtering of the fid to a bandwidth of the effective Q or
selective cross po}arization with Hartmann-Hahn matching (25) could be
used to provide the restriction of B'.

Thus magic angle spinning can be applied to obtain high resolution
single quantum spectra in selids for integer spin systems with arbitrary

w Magic angle spinning way also be applied when double quantum transi-

Q'
tions are observed and experiments on deuterium in solids are described
in Chapter III for both cases along with sensitivity enhancement by
cross polarization for both cases. Due to lack of time, experiments on
1I'N have not been performed. When wQ becomes very large, e.g., for le
in many solids, both single and double quantum resonances can be severely

broadened to second or higher order as described above which results in



a loss of resolution and sensitivity. The methods mentioned above can
narrow the observed resonances to recover the resolution and it is
desirable to use a selective cross polarfzation method to enhance

sensitivity.
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II. TECHNOLOGY
A. Spectrometers

Experiments were performed on two homebuilt high field pulsed
Fourier transform instruments. Each was designed for rapid changeover
of the observed frequency for concurrent multinuclear studles. Their

main features are very similar and are described below.

1. Magnets
The superconducting magnets used were Bruker Instruments Co.
42.7 kGauss (m0/2ﬂ(1H) = 182 MHz) and Bruker Instruments Inc. 84.7 kGauss
(NO/ZW(IH) = 361 MHz) with Oxford dewar. Resonance frequencies of

various nuclides were jiven in Table I.

2, Pulse Programmer

Each instrument was equipped with a versatile solid state
pulse programmer based on an INTEL 8080 or Z-80 microprocessor which are
described in full detail elsewhere (26). Software programs (listed in
Appendix C) are executed by the microprocessor to output a real time
hexadecimal word sequence from a RAM/FIFO memory system. The word se-
quence defines the pulse programmer real time logic level output chan-—
nels which trigger the spectrometer and execute the experiment. Each
word is initjated by a low level pulse on the LOAD line. The entire

system 1s clocked at a rate of 10 MHz with a tick of 100 ns.

3. Radio Frequency Generation
The low power rf is generated by mixing a local oscillator

(LO) with an intermediate frequency (IF). The cw LO is generated by
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multiplication or direct use of a frequency synthesizer output. A 30 MHz
IF is split into four channels with "quadrature" phase (X, Y, X, ¥) and
gated by che pulse programmer. The LO and IF are mixed to produce the
irradiation rf. This iIs gained by high power transmitters; 1} a modified
2 kWatt tuned tube Henry Radio L7 (up to 60 MHz), 2) broadband Amplifier
Research models 100LM13 (used for 200 Watt output for frequencies up to
182 MHz) and 200L (used for up to 500 Watt output for frequencies up to
182 MHz), and 3) two homebuilt 200 Watt units for 361 MHz based on either

EIMAC tube 4CX-250B or Motorola transistors MRF-327.

4., Receiving Section
The nuclear signal is mixec¢ “~wn with the LO and compared by
quadrature phase sensitive detectors to the IF to produce the audio
signal., The preamp is two-stage broadband and based on transistors

Avantek Inc. UTO-511 and UTO-512.

5. Data Acquisition
The audic signal is digitized with two Datel Systems Inc.
SHM-2 sample and hold and two ADC-EH10B analog to digital converters.
Triggering of the pulse programme: and storage of data is done with a
Data General NOVA 820 (32 k core memory) minicomputer, The maximum
observable spectrsl window was 200 kHz.

In order to sample the fid in synchronism with the probe sample
spinner a tachometer system was used and coupled to the pulse program-
mer. An optic fiber cable (DuPont Crofon) was used to carry light from
a lamp to the rotor surface. A return cable monitored the reflected
1light which was modulated at the spinner frequency due to a blackened

area on the spinner surface. The modulated reflection was converted
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with a phototransistor and amplified to a square wave which was interfaced
directly to the pulse programmer LOAD line. Optimal stability of the
spinner synchronous time base was better than i microsecond. Schematics

and details of the tachometer system and interfaca appear in Appendix B.
B. Sample Probes

1. High Frequency Sample Turbines

a. Conical (Andrew)

A high frequency sample turbine probe head of the conical
design first used in NMR by Andrew et al.(27) is shown in Figure 9. The
rotors, manufactured from Delrin and Kel~F polymers, are driven by
streams of compressed gas oriented tangentially to the conical surface.
The rotor rides in the base cup on a2 cushion of gas. The NMR coil is
fixed in space just outside the sample chamber. Stable spinning fre-
quencies between one and four kiloHertz could sometimes be maintained
with Delrin rotors and up to 1.7 kHz with Kel-F rotors. Orientation of
the axis of rotation with respect to the external magnetic field was
controlled by rotating the base cup assembly with a worm screw. Overall
performance of the system in starting and maintaining stable rotation
was poor. Performance was greatly enhanced by coating the NMR coil with
epoxy or by using a "magic finger", i.e., a small strip of thin material
or a human finger gently touching the outer surface of the sample chamber.
Similar effects have been observed by a number of workers which has led
to a variety of modifications and improvements in performance (28) and
reliable systems are commercially available. A general feature of this
design is a wobble or precession of the rotor axis which limits the

adjustment of the axis to the magic angle setting.
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Figure 9
NMR sample spinning probe head with rotor of the Andrew-Beams

design: 1) NMR coil, 2) rotor, 3) gas drive flute, 4} rotor axis
angle (B) adjust screw, 5) rotor gas drive gas outlet.
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b. Cylindrical
Due to the difficulty ¢f holding one finger on the

sample spinner and reaching the spectrometer console at the same time a
new cylindrical spinner system was developed which allows more routine
experimentation and meets the critical requirements of rotor axls sta—
bility for the deuterium experiments (29). The complete high speed
turbine probe head is shown in Figure 10. The basic. rotor design is that
of a cylinder riding in gas bearings with end cones and packaged to fit
the bore of a superconducting magnetsystem. A barrel shaped rotor sys-
tem was first used in NMR by Lowe (10). Spinners of cylindrical design
were first used by Schneider and Doskocilova et al. (30), and in Tallinn
(11,13) after which the design described below was based. Several other
similar designs have been developed (31,32) including a recent one by
Doty et al. (33) which offers promising ease of operation.

All parts except screws were machined from Delrin polymer. The path
of the operating gas through chammels in the top and side plates and into
each end of the cradle 1s shown in Figure 10. The magic angle adjustment
is made by rotating the cradle with a worm sctew. The worm is driven by
a reducing gear and pinion on top of the probe outside the magnet so
that an increment of less than 0.003° was possible. An access hole was
provided on top of the cradle for the leads to the WMR coil and for
operating gas escape from the stator centerplece. The ends of the stator
were enclosed by cover plates with exit holes to allow free escape of the
operating gas. Temperature of the spinner can be readily controlled by
the temperature of the operating gas. The high temperature limit is due
mainly to the malting of sample or probe components and the low tempera-

ture limit is due mainly to the low temperature limit of the input
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Figure 10
Cylindrical gas-bearing type sample spinning probe head fur super-

conducting magnet bore: (1) worm screw for cradle angle adjustment,
(2) top plate~side plate machine screws, (3) holes for rigid copper
coaxial cable, (4) inlet holes for fiber optic cables, (5) NMR coil leads,
(6) side plate, (7) bottom plate, (B) hole for fiber optic cables,
(%) spinner rperating gas inlet holes for vacusm-jacket transfer line,

(10) top plate, (11) stator end cover plate, (12} cradle. (13) stator.
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operating gas. Compressed alr or nitrogen is the best operating gas
since the supply can be made continuoas and virtually unlimited and is
inexpensive. Hel%um requires substantially less pressure for opccation
a.:d 1s desirable for low temperature work since a heat exchanger can
easily be made from copper tubing immersed in liquid nitrogen. However,
it is more expensive and causes arcing in the NMR coil with rf of 182 MHz
or greater (and perhaps at lower frequencies) and must be isolated fror
the coil.

Designs for 8, 7, and 5 mm diameter rotor systems have been developed
and detallied mechanical drawings are given in Appendix B. The pressure/
frequency specifications vary with a variety of mechanical factors.
Available pressures for compressed air of about 50-100 psig are generally
required, while iriput pressures up to abnat 20 psig are usually used for
the spinner, The long time stability of the spinning frequency depends
on the long time stability of the input pressure. It is desirable to
operate from a stable input source, e.5., a large holding volume compressed
air system with few other users. Rotation frequencles of over 500,000
rpm (9-10 kHz) were obtained with the 5 mm version. Typical frequencies
during experiments were 3-6 kHz for the 5 mm version and less than that
for the larger diameters. Rotor instabilities are clearly the larger
with increasing rot>r dlameter and sample weight and volume leading to
lower frequencies of operation. This is also apparent from the data
cited in references above.

A cross section along the cradle axis 1is shown in Figure 11. The
separate paths of the drive and bearing pas, which are controlled by
separate pressure regulators, into ballast chambers about the circumfer-

ence of the stator is indicated. Rotors are reuseable and machined from
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Figure 11
Cross section
(1) gas bearing gas inlet hole, (2) cradle, (3} worm

of cylindrical pas-bearing spinner probe head along
spinner axis:
screw for cradle angle adjustment, (4) stator end cover plate,

(5) gas exit hole, (6) rotor end stop screw, (7) fiber optic cable

inlet hole. (8) o-ring, (9) side plate, (10) turbine drive gas inlet

hole.
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Delrin and Kel-F polymers. Corning Macor was also used as a material
for rotor tubes. A minimum wall thickness of about 7.6 mm for the
polymer tubes was necessary for handling. Machining was performed on
standard equipment to tolerances of 0.0127 mm (~0.0005 in) where
necessary, however, & finished polymer plece does not maintain that
tolerance uniformly. It is necessary that cutters be maintained "razor
sharp" for the polymers. Flutes in the end cones or caps were cut some
0.4 mm deep such that they present a flat face to the drive gas stream,
but their dimensions were not critical. Also shown an Figure 1l are

the stator end cover plates, the thicker one serving to hold two fiber
optic cables near the cap. Brass machine screws with polished ends in
both cover plat_es acted as end stops for the spinner. To operate at
high speed, one end screw was first adjusted to center the spinner in
the stator. Then with the operating gas on, the other end screw was
tightened against the spinner and backed off just until a stable rotation
occurred with no vibration. Total rotor end clearance was usually about
0.2 mm.

Caps must fit tightly into the tubes so that they are not pushed out
by the sample at frequencies above about 4 kHz and for stable rotation
at lower frequencies. Threaded caps and tubes can be used to avoid
this problem at the higher frequencies. The points of the caps act as
thrust bearings with the brass cover plate screws to maintain the rotor
position. Thus it is essenti: 1l that the points are sharp. The points
of the polymer caps tend to wear out after some uncontiguous hours to
days of use and another material, e.g., hard stone or zeramic, is

probably the best solution.
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Kel-F is a fluorinated polymer and gives no 136 signal in a
Proton-Enhanced 13C spectrum and also gives no proton signal. Delrin,
(-CHZO-)n, is one of the strongest polymers and is the bette« material
when observing nuclides other than 136, 1H. Ceramic materials have been
used in some designs and are much stronger, but more delicate since they
are brittle. A survey of materials is given in Reference 33.

A cross section of rotor and stator is shown in Figure 12. The
stator 1s composed of three sections with the gas bearings and drive
contained in the outer sections which are mirror images. The point group
symmetry ¢f combined spinner and stator is Dbh’ but it is not necessary
to orient the outer stator sections with respect to each other. Two
gas bearings are located at either end of the spinner tube and a dif-
ference of 0.05 to 0.08 mm between bearing i.d. and spinner o.d. worked
best. A cross section (B-B in Fig. 12) of the bearing illustrates the
twelve cylindrical gas inlet holes which are at equal intervals and
normal to the spinner axis. The spinner i: driven by gas jets shown in
cross section A-A in Figure 12. The four drive gas holes on either end
were arranged so that the stream contacts the face of the flute at 607
to 65% of ihe distance from point to outer edge of the cap. This was
the most critical dimension and was adjusted using the values of § and d
in Figure 12. Further details of dimensions are given in Appendix F.

In practice, a slant bearing was actually used. The bearing may also act
in part as a driver by drilling the bearing holes with an offset as
shown in cross eection A~A. This reduces the pressure required for the
drive, but also reduces the load handling of the bearing. Striking a
compromise with a bearing offset of d = 1.15 mm or slanting only every

other bearing hole worked best.
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Figure 12

Cylindrical spinner and stator: (1) ceater coil section,
(2) NMR coil, (3) drive and bearing section, (4) rotor tube,
(5) sample chamber, (6) rotor ecap, (7) gas bearing inlet hol=,
(8) turbine drive inlet hole.



The stator centerpilece serves to hold the MMR coil and maintain a
sufficient back pressure for the bearings. The coil may be wound inside
the centerpiece, as shown in Figure 12, or on the outside so that a
smooth surface faces the rotor. Either version gives an excellent
sample filling factor. The latter was found to be slightly better
overall. Rotors would generally spin at some several hundred Hz on
bearing gas alone for the straight bearing, and up to about 2.5 kHz on
bearing gas alone for the slant bearing. A gas exit hole 1-2 mm in
diameter in the centerpiece or equivalent space about coil leads for
the inside type coil was necessary for stable operation. When spinners
did not readily reach high speed stability, they were usually brought to
a stable condition by lowering the bearing input pressure to near zevo.
A sudden stabilizing usually occurrad followed by a rapid increase in
spinning frequency, after which the input pressures were adjusted to
final value. This is due to the "magic finger" effect as the spinmer
momentarily touches the bearing surface at low bearing pressure.

An important feature of the system described above is that it can be
fabricated with standard machine tools and does not require any special
sample preparation. Powder samples may leave space in the chamber or
may be compressed to fill the chamber. Crystals may be rotated when
packed with some filler, e.g., cotton or another powder. The frequency
stability could typically be maintained to *0.5%. Stability of the rotor
axis during smooth operation was better than one millidegree. Change of
the input pressure altered the axis by several millidegrees. The finepess
of adjustment of the axis was less than three millidegrees. The latter
three facts are inferred from the results of the deuterium experiments

presented in Chapter ITI.
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2, Probe Radiofregquency Circuit

The rf circuit of the probe is based on the design of Cross
et al. (34). In this section their results are reviewed and some prac-
tical modifications described. For double resonance experiments the use
of a single double-tuned coil is desirable since the inhomogeneity of the
rf field will be idemtical for both freguencies. The usual NMR probe
circuit has a series and parallel capacitance to the coil with the
components placed in the region near the coil, A coaxial transmission
line connects that circuit to the rf transmitters and receiver section.

The impedance transformation due to the transmission line is (35)

zZ, = ZO[ZLJ-Zotanh(yl)]/[ZOJ-Z tanh(YL}] {11-1)

in L

where Zin is the input impedance of the line, z0 is its characteristic
impedance (50 ohms real), ZL is the load impedance, y is a complex propa-
gation constant, and L is the length of the line. The probe circuilt is
the load and is tuned to the NMR fregquency with its impedance adjusted

to ZL = RL = 50 ohms. Since ZO = RO = 50 ohms, tran Zin = Rin = 50 ohms
and the probe is matched to the transmitter and receiver circuitry.

In the design of Cross et al. the complex impedance of the coil is
not matched in the region of the probe head. A transmission line tuning
method is used in which the probe circuit is matched at a point outside
the probe at the end of a "50 ohm" transmission Tine which acts as a
component of the circuit. Thus the transmission line is "unmatched" and
?L’ Zin are complex. As long as 2
Q factor capacitors may be added to the transmission line input outside

1n is inductive, Im(Zin) > 0, then high
the probe to tune and match the entire circuit. It is desjrable to keep
L as small as possible since it is unmatched and adds to the inductive

loss of the probe circuit.
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The probe circuit used in this work is shown in Figure 13.
Isolation between low frequency (LF) and high frequency (HF) sides is
obtained by the use of coaxial quarter wave "stubs", L3 = AHF/4. The
open ended stub has a high input impedance for the LF and 1s a short
to ground for the HF. The shorted stub is a short for the LF and high
input impedance for the HF. Capacitor Q, which does not appear in the
design of Cross et al., was empirically found to improve the isolation.
The coil dimensions were fixed by the dimensions of the sample spinner
stator and cradle with an inductance in the range 0.1 to 0.5 H. The
length L2 was fixed by the probe length, from 45 to 90 cm. The external
capacitors and P,Q were easily empirically adjusted to tune and match
the probe. Obtainable overall Q factcrs for the probe were 50-100 for
the LF and up to 200 for the HF and were as high as those obtained by
other methods. An advantage of this design was that a transmission line
of length L1 could be inserted on the LF side so that a rapid changeover
of the LF over a wide range of NMR frequencies (0-200 MHz) could be

made for multinuclear studies.
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Figure 13
Radiofrzquency design for double-tuned, single-solenoid cail

NMR probe after the design of Cross et. al. (Reference 34).



III. HIGH RESOLUTION DEUTERIUM NMR OF SOLIDS

A. Approach to High Resoluticn

In this chapter experimental results on juadrupclar nuclei in
rotating solids will be presented. As shown in Chapter I, magic angle
spinning can be used to remove the broadening due to the internal
Hamiltonian and to observe high resolution isotropic chemical shift
spectra. Details of experimentation and results and comparison with
theory are given here. The bulk of the work is motivated by the desirve
to observe isotroplc spectra of deuterium in solids. All results were
obtained at room temperature.

The basic approach to high resolution deuterium NMR in solids is
illustrated by the spectra in Figure 14 of an equal deuterium mole mix--
ture of per-deutero hexamethylbenzene (per~d-hmb) and 20% randomly
deuterated ferrocene (36). The top spectrum is the non-spinning case
and consists of the overlapping powder patterns of the two components of
the mixture. The inner peaks are the singularities of the per-d-hmb
pattern and the outer peaks are those of the ferrocene pattern. From
these we can immediately measure the quadrupole coupling '“constants" as
the splitting betwe.:n the peaks in each pair which are 16 kHz (per-d-hmb)
and 73 kHz (ferrocene). The shoulders of the per-d-hmb pattern are
visible, but those of the ferrocene pattern are not which is due to the
strength of the rf pulse used as will be discussed in a latzr paragraph.
Previous measurements of deuterium quadrupole couplings in solids show
that the variation in the coupling constant for carbon bonded deutercns
is roughly 20% and that the asymmetry is usually n < 0.2, with

wQ = 130 kHz (37). The coupling constants evident in Figure 14 are the
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Demonstration of solid state deuterium spectra of an equal deu-
terium mole rmixture of per-deuterated hexamethylbenzene and 20%
deuterated ferrocene: (top) overlapping quadrupole powder patterns of
the two components, (middle) spinning sideband spectrum from Fourier
transform of rotational echo free induction decay, (boctorn’ isotropic
chemical stift spectrum from Fouriler transform of synchronously
sampled frev induction decay.
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reduced average couplings observed under rapid molecular rotation at
room temperature. The well-known and approximately uniaxial rotations
in this case are the rotation of the methyl group about its C3 axis and
rotation of the molecule about its C6 axis for hmb, and a rotation of
the cyclopentadienyl rings about their C5 axes in ferrocene. Applying
Equation I-30 twice for hmb, the rsduction factor for n = 0 is

[3cosz(180°- 109.5°)~-1]1 = 0.333 for the methyl rotation and

NI

[3cos2(90°)-1] = 0.500 for the molecular rotation; giving ué = (0.33)
(0.50)9130) = 21 kHz. Applying Equation I-30 for the ferrocene rotation;
wé = (0.50)(130) = 65 kHz. Differences between these rough estimates
and Figure 14 are due to the actuval mQ # 130 kHz, n # 0, and distortion
of the motion from simple uniaxial frese rotation. The effects of motion
in these deuterated =»lids have been studied in detail previously (38,39).
The middle spectrum in Figure 14 shows the distribution of the total
powder spectrum into a set of spinning sidebands when this sample is
rotated about the mag.. axis at 4,0 khzx. The sideband spectrum is the
Fourler transform of a rotational echo 7id as depicted in Figure Ba. The
sidebands are spaced at 4 kHz and their envelope approximates the non-
spinning pattern since w, << mQ. Sampling the fid in synchronism with
the rotation effectively folds - ir the sideband spactrum in such a way
as to produce the lower spectrum in Figure 14, the isotropic chemical
shift spectrum in which the resonances of the two components are resolved.
Thus relatively slow magic angle sample rotation can be applied to
remove the broadening from spectra of deuterium in powders. High power
protnn decoupling is used to remove the effect of H?S’ the proton-
deuteriu. dipole-dipole coupling, for selectively or parrially deuterated

materials. This is especially effective when the strength of decoupling,
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Uy >> W, 80 that both the decoupling and magic angle rotation act
independently to reduce H?S on their separate time scales (3,12,14) and
this is an eusy requirement to meet. 1In the rest of this chapter it is
assumed where not specifically stated that decoupling is applied to re-
move the effects of H?S‘ where I is the decoupled heteronuclear spin
which 1s usually lﬁ. Dipolar coupling to other spins, e.g., 13C, 14N,

is generally negligible when deuterium is observed since they are usually
naturally dilute and/or the Yo VS(ZH) involved are relatively small and
magic angle rotation "spins it away". 4lso, the spectrum from Fourier

transformation of a synchronously sampled fid is referred to as the

"isotranic” spectrua.
B. Measurement of Quadrupole Anisotropy

It has long been known that a Hahn spin echo is observed for
integer spin quadrupolar nuclei in solids by application of a
90¢ -1 - 90¢+ﬂ/2 pulse sequence (1,40-41). This sequence is commonly
used to eliminate the effect of receiver dead-time since the echo appears
at a time 1 after the second pulse and Fourier transformation of the
decay half-echo gives the undistorted powder pattern. 1In a rotating
solid the fid is composed of a train of rotational echoes (see Fig. 8)
and Fourier transformation of the decay half of the first echo appearing
outside the receiver dead-time, usually che largest echo, also gives the
non-spinning powder pattern in the limit e << mQ. Since the latter is
the usual case, then Fouriler transformation of rotatiomal echoes has

utility in measuring Vg vwhen one is prepared to do the rotating sample

ex eriment anyway.
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In Figure i5 is shown the rotational half-echo decay and its Fourier
transforn of per-deutero~para-dimethoxybenzene powder with magic angle
rotation at 1.24 kHz (42). The motionally reduced mé for the —CD3 is
immediatc .y apparent and the singular peaks of the rigid lattice aro-
matic deuterons' powder pattern are seen with wQ = 130 kHz. In Figure
16 is shown the powder pattern from rotational echo FT of a mixture of
per-d-hmb and per-d-p-dimethylterephthalate, D3COZC¢D4602CD3, with
mr/Zﬂ = 1.43 kHz. The lineshapes showed non-linear phase errors which
were not completely corrected due to an apparent time or phase shift
between the two quadrature detection channels an¢ some improvement can
be made in this regard, however, this technological problem was not
pursued. The low 5/N obtained for the rigid lattice -¢D4 deuterons 1is
due partly to the strength of the single rf pulse used and is described
in the next section along with other sensitivity considerations.

As discussed in Chapter I, the effect of magic angle spinning is to
reduce or scale the anisotropic lineshape by approximately %(3coszﬁ"—1).
When ﬂb dominates W;nt, the Fourler transform of the synchronously
sampled "isotropic" fid should resemble the lineshapes of Figures 2, 15,
16 until 8" is very close to the magic value. This is illustrated in
Figure 17, the isotropic spectra of per-d-hmb for a series of spinner
axis settings ianging from very close to magic (top left) to some 0.9°

from magic (bottom right), The completely narrowed resonance (top left)

shows no singular features since the second order quadrupole broadening

is negligible for hmb; 0.0268 wg/ano < 1 Hz, The off wmagic spectra can
be used to measure an unknown mQ. An internal standard can be mixed

with the sample or knowledge of mQ for any one of the resolved powder

patterns in the off magic spectra can be used for calibracion. In
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Figure 15
Rotational eciio decay and corresponding Fourie¢r transform showing

overlapping deuterium quadrupole powder patterns for per-deuterated

p-dimethoxybenzene with magic angle rotation at 1.24 kHz.

67



68
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Figure 16

Deuterium quadrupole powder pattern spectrum for a mixture of
per-deuterated hexamethylbenzene and per—deuterated p-dimethyltere-
phthalate. Spectrum obtained from Fourier transformation of the

rotational echo decay with magic angle rotatlon at 1.43 kHz.
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Figure 17

Isotropic spectra of per-deuterated hexamethylbenzene for a series
of spinner axis settings ranging from the magic angle (top left) to
some 0.9° from magic (bottom right). The anisotropic lineshape is

preserved and scaled down by near magic angle rotation.
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Figure 18 the isotropic spectra of 937%-deutro-lauric acid are shown for
a series of spinner axis settings. The presence of some ZHZO in the
sample gives the peak at the center. Previous measurement of the --CD3
wé = 36 kHz shows that the m thylene quadrupole couplings range from
102-120 kHz.

Quadrupole couplings measured by the methods described above are
listed in Table III. Measurement of resonance shifts in the exact
magic angle isotropic spectra gives an additional method to obtain UQ
since part of the shift is due to the quadrupole coupling and this is
described in a later section. All values were taken as the splitting
between the singular peaks of the powder pattern which is smaller than
the true value when n # 0, however, frum previous work the asymmetry
in all the compounds of Table III should be less than 10% (37). Some
small significant differences were found between spinning and non-spinning
values, but were not accounted for since some technical problems existed.
The rotational echo Fourier transform is act.ally the envelope of the
sideband spectrum (12) and a difference of about one kiloHertz between
spinning and non-spinning values could probably be attributed to the
finite rotation frequency. Other methods have been developed to retrieve
the anisotrupy, ”Q’ from the spinning sample experiment, but as long as
w_ << mQ the spinning methods above are simple and accurate to within a
few percent. As pu.nted ou: by Waugh et al. (43) the overlapping powder
patterns in the rotational eche Fourier transform may be obtained selec-
tively, i.e., individually, when their corresponding sharp isotropic

resonances are resolved in the near magic angle spectrum.
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Figure 18

Near magic angle isotropic spectra for 937 deuterated lauric
acid powder. Overlapping powder patterns of methyl and methylene
deuterons are evident allowing measurement of their quadrupole

couplings.
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TABLE III: Deuterium solid state quadrupole couplings, w (kHz)

Method
Comp.~und Position ' Pulsed Rotational Isotropic
| 2.0 echo Spectrum
ﬁ{ ,
hexamethylbenzene —_ ‘ 15.8:0.2 | 14.420.5
H 1
25%-d-hexamethylbenzene? _— tll 13.7:0. |
p-dimethylterephthalate’ | metnyl !3 37.810.5 | 41 |
: . * i
D3C02C¢D4C02CD3 ; aromatic ! 1265 :
monomethyl succinate ! methyl R 341 j
DOOCCHDCHDCOOCD3 ‘ 0 H .
: i :
i i
p-dimethoxybenzenel ! methyl . 33:220.5 ' 3241
D, CO¢D, OCD, ‘ aromatic ; 130N+3
377403 ; ;
p—dimethoxybenzene3 - aromatic : 125%4
p-diethylterephthala:el methyl 35.0:0.5 ° 341 6
D3CD2COZC¢DACOZCD2CD3 . methylene 1133 i 111+6 (115+8)
, aromatic 13324 . 1306
4,4"-dimethylbenzophenone®! methyl E R
D,_CD, $C04D, CD + aromatic 142%12;
3TeTTATS ! E (1421216
| 1 iV
lauric acid1 ; methyl - 36+1 i i
CD,4(CD,),; 4COOD | methylene , (125)5 i ! 102-120

1. per-deuterated ( >90% gram-atom 2H).
2, randomly deuterated, most probable type -CHZD.

3. 44% randomly deuterated in methyl position, 66% randomly deuterated
in aromatic position. -

4, assumed valve for calibration of isotropic spectrum.
5, uncertain due to lineshape distortion.
6. determined from field dependence of resonance shifts.
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C. Sensitivity Considerations

1. Streagth of Irradiation Pulse
In all the deuterium experiments a general consideration for

sensitivity is the strength of rf pulse used. In a well-known argument,
a short irradiation pulse of width 1p is thought to "cover" or excite
over a bandwidth of ﬂ/Tp, its Fourier transform being a sinc 1p function.
In the experiments here, the effect of pulse strength and width must be
calculated using well-known density matrix methods. The operator
fowwalisms developed by Vega and Pines (17), Vepa (44), and Wekaun and
Ernst (45), have had great use in recent years in describing the prepar-
ation, evolution, and detection of phase coherent properties of the
magnetization for spin systems I > %, In this section their formalism
is applied to calculate the single quantum deuterium signal after a
single pulse.

During irradiation the deuterium spin experiences an effective field
in the rotating frame due to the rf field, strength wy along the x-axis,

and a "guadrupole" field, strength NQ along the z-axis. In the basis of

Vega and Pines the rotating frame Hamiltonian is

1 2 2
¥ = -AuIz + mlIx + % QQ(3IZ- 1°)
1
= —2AmIz,1 - 2u11x,1 + S-QQ(IX’3- Iy,3)' (I11-1)

The directly observable single quantum signal after a pulse of length t
is given by the coefficient of Iy 1" %Iy in the density matrix p(t) and
»

from Table IV of Reference 17 the result for &w = 0 is
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ay,l(t) = cos(9/2)sin’9/2){sin[%(me-+QQ/2)d
+ sinfl(, - nQ/2)c]} (111-2)
where
2 2
w, = [4&1 + (k)QQ]
6 = Arctan(kmllﬂq). (z11-3)

The intensity of single quantum resonances in the isotropic magic
angle spectra is given by Equation II1I-2 summed and weighted sver all QQ
due to the orientations of the crystallites of the powder and the result
is shown in Figure 19. It is assumed that the length of the pulse,

tp << 2n/wr, so that the @  are time independent during the pulse. The

Q

maximum value of ay 1 (powder sum) = <My>m attainable when the pulse is
£

not strong 1is plotted for various relative strengths, wl/mQ. The length

of pulse, tp, for which the <My>m is obtained is also shown in the lower

curve. In most experiments w. ~ 40 to 60 kHz so that for a methyl group

1

with wé = 35 kHz the full single quantum intensity could be achieved.

However, for rigid lattice positions usually w. ~ 130 kHz and <My>m =~ 0,75,

Q
Furthermore, when large differences in wQ's exist in the sample, <My>
cannot always be maximized for all components with a single pulse. The
nutation of the powder sum single quantum coherence which is the intensity,
<My>, observed in the isotropic magic angle spectra is plotted in Figure
20 for pulses of constant uy and increasing length t. The solid curves

are the theoretical result obtained above and the dotted curves are exper-—

imental data in arbitrary units for comparison with the solid curves.
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Figure 19

Maximum single quantum intensity, <M >m, available in the isotropic
magic angle deuterium spectrum after a single, weak radisfrequency pulse
of strength w; . The length of pulse for which the maximum 1s observed

is plotted as tp.
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Nutation of the powder sum single quantum coherence which
is the intensity, <My>, observed in the isotropic spectrum
plotted fur pulses of constant wy and increasing length, t. The
solid curves are the theoretical result and the dotted curves are

the experirental values.



Figure 20a shows the results for per-d-hmb for which the pulses are
strong over the entire static powder spectrum. Figure 20b shows the

results for the -CD_, resonance of per-deutero-para-dimethoxybenzene,

3
CD30¢D400D3 {per-d-p-dmb), and Figure 20c showd the results for the
aromatic peak of per-d-p-dmb.

The results illustrated in Figure 20 show an inhomogeneous dephasing
of the magnetizations of the crystallites of tk. - sder in the rotating
frame and the resulting decrease in <My> for longer pulses. This result
suggests that the use of "composite pulses' may be useful (46)., Dif-
ferences between theory and experiment are largely due to non-ideality
of the pulse shape which is more critical for larger mQ and shorter
pulses. An interesting point is that when partially unresolved reson-
ances have very different mQ's, then wy and tp can be adjusted so that
ane peak appears in absorption phase (<My> positive) while the other is
in emission (<My> negative).

The effect of insufficient pulse strength is a distortion of inten-
sity which was seen in Figure 14 (top) in the distorted powder pattern
of ferrocene. Wemmer et al. (47) have recently demonstrated a new method
for non-spinning samples using relatively long, weak, amplitude modulated

pulses to give Multiple Frrguency Excitation and piece together the

powder pattern for large v, with no intensity distortion.

Q

2. Synchronous Sampling
To compare the reiative sensitivities of the spinning and
non-spinning experiments it is useful to review the case of narrowing th=
chemical shift powder spectra (see Fig. 1) by magic angle spinning (12).

As the sample is rotatrd slowly the patt=rn is broken up into sidebands
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(see Fig. 14) of which there are roughly Ac/ur, the total non~-spinning
anisotropic linewidth divided by @ . Sampling the fid at a wate of
mr/2" adds all the sidebands together, but the spectrometer audio filters
must have a pass bandwidth of (}3)Ao(for quadrature detection) to do so.
The accumulation of noise degrades the S/N ratio by about (Ar'/uul_)!i from
the fast spinning case where all the intensity is in the isotropic
centerpeak. Conversely, the pass bandwidth may be reduced to Zﬂ/mt and
the tallest sideband observed which has only a fraction of the Izt-l
intensity. The true resonance frequency is deduced by changing w, by
Sw, which shifts the nth sideband by néw. In either case there is 1>
need to sample at a rate faster than mr/2ﬂ to obtain the "isotropic"

ds decr and the

spectrum. As w, increases, the ber of sideb.
isotropic peak intensity increases until Ao = v, when almost all of the
intensity has gone intc the isotropic peak. In practice, as @ increases
the pass bandwidth can be reduced also since the sidebands in the wings
are generzlly smaller. Therefore increasing W maximizes sensitivity
by putting more intensity into the isotropic peak and allowing reduction
of the pass bandwidth. In practice, the rotation frequency (observed
spectral window) cannot alwavs cover the range of isotropic chemical
shifts, e.g., 130 at wy 2 18 MHz, and the complexity of spectra can limit
the usefulness of synchronous sampling. 4n alternative approach, which
requires strong pulses, is to digitize the entire sideband spectrum and
selectively eliminate sideban  of all orders n except one (48),

For deuterium spinning experiments, W << mQ; the rotation frequency
is always in the very slow spinning regime, Fortuitously, an observation

window of wr/2ﬂ will always cover the range of ?H (or 1H) isotropic
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chemical shifts, The pass bandwidth is always set to the largest wQ of
the sample, typically ~130 kHz, and as above the signal to noise increases
as mrk. With increasing magnetic field strength the full factor (1,5130)3/2
gain in signal to noise is realized since mQ does not change. In the
chemical shift case, Ag insreases linearly with magnetic field and in

the slow spinning regime a reduced gain of factor (ABO) 1s realized

with increasing field, all other factors being equal.

3. Sensitivity in Measurement of wQ

Following the discussion of pulse strength effects in para-
graph 3a, the recovery of magnetization or height »f the rotational echo
is generally better than for the pulsied quadrur .ar echo since the latter
requires two pulses which are usually far from ideal. Furthermore, when
the 2H is not dilute, the height of the pulsed echo decays according to
T2 due to the static homonuclear dipole coupling which is much shorter
than that for the magic angle rotating sample. A factor of ten savings
in time was not uncommon for the rotational echo over the pulsed echo
method. The comparable 5/N of the off magic isotropic spectra was
slightly better than the rotational echo Fourier transform. The spectra
of Figures 17 and 18 were obtained in several minutes. A useful feature

of the isotropic spectra is that the lineshapes were usually closer to

the theoretical shape for large w, than the echo Fourier transforms.

Q
D. High Resolution Results
1. Sample Spinner Stability

The isotropic chemical shift spectrum of per-deutero-para-

dimethylterephthalate powder, per-d-p~dmt, rotating at 3.53 kHz about



approximately the magic angle 1s shown in Figure 21. This result was
obtained with the conical spinner system described in Chapter 1I. The
taller peak is assigned to the methyl groups, with the zero of the scale
arbitrarily set to that peak, and its full width at half maximum (FWHM)
is 3.2 ppm. The downfield peak due to the aromatic deuterons (-¢D4) is
not resolved., The isotropic spectrum of per-deutero-para-diethyltereph-
thalzre (ur/2 = 3,33 kHz), per-d-p-det, is shown in Figure 22. The
resoninces are assigned as shown and the methyl FWHM is 1.6 ppm. The
instability of the axls of the conlcal spinner makes it difficult to
remove the quadrupolar broadening even in first order. In fact, the fid
varied significantly from shot to shot and in Figure 23 is shown the
spectrum of per-d-p-det obtained by visually selecting fid's with long
decays for the average. Clearly, rotor instability was the major factor
limiting resolution.

The isotropic spectrum of per-d-p-dmt taken with the cylindrical
spinner described in Chapter II is shown in Figure 2%, mr/2w = 1248 * 4 Hz.
A narrowing of lines is evident and a splittiung of 1.3 ppm in the aro-
matic peak appeared whi:h is attributed to the inequivalence in the
solid state of the 2,5 and 3,6 ring positions. Linewidths and limits of
resolution are discussed in a following paragraph. The cylindrical
rotor provides the long time stability necessary for complete removal of
the first order quadrupole broadening of deuterium in solids. It can be
made large in size for its relative stability and the coil filling
factor approaches that of the usual stationary sample NMKR. These charac-
teristics provide good relative sensitivity and allow signal averaging
to be used which brings the technique into the regime of high resolution

work (29,49).
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Figure 21
Isotropic chemical shift spectrum of polycrystalline

perdeuterated p-dimethylterephthalate rotating at 3.53 kHz,
taken with conical spinner. Resonances from methyl and aromatic

deuterons were not resolved due to rotor instability.

XBL 79912038
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Figure 22
Isotropic deuterium spectrum of per-deuterated p-diethyltere-

phthalate rotated at 3.33 kHz. Resonances are unresolved due to

instability of conical sample rotor.
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Figure 23
Isotropic deuterium spectrum of per-deuterated p-diethyltere-~

phthalate produced by visually selecting scans with long decays
for the signal average. Selection compensates for rotor instability
and indicates that the conical rotor stability is insufficient for

high resolution.
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Figure 24

—ent= 7

Isotropic chemical shift spectrum of polycrystalline
perdeuterated p-dimethylterephthalate rotating at 1.25 kHz,
taken with cylindrical-gas bearing type spinner. Downfield
aromatic doublet is resolved from methyl resonance. Splitting
of 1.3 ppm occurs in aromatic peak due to inequivalence of 2,5

and 3,6 ring positions in the solid state.
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2, Chemical and Quadrupole Shifts

a. Magnetic Field Dependence

As discussed in Chapter I, Equation I-37 and Figure 7,
the residual quadrupole coupling not removed by magic angle rotation
contributes both to the linewidth and shift in the isotropic spectra.
The dependence of resonance shift on BO is illustrated in Figure 25 by
the isotropic spectrz of para-dimethoxybenzene at three field strengths
(50). ‘The zero of all scales was set arbitrarily to the methyl peak in
the highest field spectrum and the absolute frequency scale is given at
the bottom. The aromatic region shows a doublet due to inequivalence
in the solid of the 2,5 and 3,6 ring positions. The molecule is locked
in the rigid lattice in the anti-conformation. The resonance shift is
the sun of the downfield quadrupolar shift, A, and the isotropic chemical
shift, o. The complete powder pattern shape shown in Figure 7b was at
no time observed since it was never much larger than other factors con-
tributing to the linewidth. The isotropic peaks are roughly triangular
in shape at their narrowest and A was taken theoretically as the midpoint
between the singular peaks in Figure 7b. The variation in linewidths
in Figure 25 is discussed in a later paragraph.

Only a slight shift A is observed for the methyl peak since it has a2
smaller mé/Zw = 33 kHz. The shift of the aromatic region 1is dramatic
since it has mQ/ZW = 130 kHz. At low field A(¢d4) is large and it de-
creases linearly as B0 increases. On the other hand, o increases
linearly as Bo increases. At about w0/2n = 31 MHz the aromatic doublet
begins to move back downfield as 4 < o.

To compare deuterium solid state chemical shifts with liquid state

o's or with proton chemical shifts at is useful to separate 4 and o.
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Figure 25
Magnatic field dependence of solid state deuterium chemical

and quadrupole shifts. The seconé order quadrupole downfield
shift goes as l/B0 while the chemical shift is proportional to

Bo.
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The results for para-dimethoxybenzene and the theoretical values are
sumparized in Table IV. The shift between the ceuter of the aromatic

doublet and the methyl peak is labeled § and is given by

~1
6 = Boo + Bo [A(-¢D4) - A(-CD3)]

=g' + A", (I1I-4)

Values of o', A' given were obtained from the data at the two higher
fields in Equation III-4. Comparison of A' with the theoretical values
indicates that the spinner axis was within 0.003° of magic. These re-
sults verify that measurement of mQ can be used to extract ¢ for compari-
son with liquid or proton o's. The small lineshifts and broadening
observed for fine adjustments of the spinner axis verify the mechanical
estimate that a minimum adjustment of less than 0.003° was possible. It
is interesting to note that such tiny adjustments can easily be made with

that simple arrangement while more elaborate mechanisms could certainly

be devised.

b. Isotropic Chemical Shifts

The results of the previous paragraphs demonstrate the
measurement of high resolution parameters of deuterium in solids.
Deuterium isotropic chemical shifts extracted from magic angle spectra
are compared with corresponding liquid state values im Table V. The
uncertainties are *0.1 ppm for liquid state values and *0.2 ppm for
solid state values. There are small significant differences between
liquid and solid values in many cases. All measurements were made using
an internal standard; hexamethylbenzene powder mixed with the unknown.

It is interesting to note that in some cases, e.g., organic molecular
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TABLE IV: Deuterium solid state chemical and quadrupole shifts
for para-dimethoxybenzene. Shifts in Hz (ppm).
wy/2n | OBSERVED' || ExpERTMENTAL? THEORETICAL® A'
' 1 - o -
(MHz) SHIFT o a Bm Bm 0.003 Bm 0.006
6.14 377:16 1421 | 363210 |[339£14 | 345%14 351%14
(61) (2.3) (59) (55) (56) (57)
27.94 14322 6422 792 75%3 813 8623
(5.1) (2.3) (2.8) 2.7) (2.9) (3.1)
55.36 16614 126+4 401 382 4422 49%2
(3.0) (2.3 (0.72)|| (0.69) (0.79) (0.88)

1. Shift between center of arcmatic doublet and methyl peak.
2. From Eq. III-4 and data at 27.94, 55.36 MHz.

3. See Appendix C.



TABLE V: Deuterium liqulid and solid state isotropie chemical shifts,o .
Values in ppm (&) vs. per—deuterc-hexamethylbenzene internal

standard.
Compound Position Liquid Solid
*
ferrocene —_— 1.9 2.2
p-dimethylterephthalate methyl 1.8
D,CO, C¢D, CO_CD
3727l aromatic 5.9 3.8
5.1
p-dimethoxybenzene methyl 1.5 .
D,,CO¢$D, OCD
3 4 3 aromatic 4.6 2.8
4.5
p-diethylterephthalate methyl -0.8 -0.2
DBCD2C020¢DACOZCDZCD3 methylene 2.2 2.1
. 5.4
aromatic 5.9 5.8

*
Proton 0 vs. protonated hexamethylbenzene.
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solids, the mixing of powders caused a lowering of melting points and
some mixtures quickly liquified. To avoid this problem an internal
standard can always be sealed in a small container placed in the unknown
powder, but this is a less desirable method.

There is no reason to assume that the hexamethylbenzene shift is the
same in solid and liquid states, but no general shift of resonances was
observed using it as the standard. Differences between solid and liquid
values were both upfield and downfield. Small differences in liquid and
solid state shifts are not surprising due to the vast differences in
molecular environment and conformation in the two states and the fact
that the deuteroms (or protons) are generally located on the periphery
of molecular structures and should be most susceptible to those differ-
ences. For instance, solvent effects in the high resolution NMR of
solutions are replaced by the effects of crysial packing and point group
symmetry in crystals.

The most striking feature of the data in Table V is the effect of
rigid lattice molecular conformation which leads to a doublet in the
aromatic resonances of the para-di-substituted benzenes. This "solid
state" effect has also been observed in the 13C spectra of some of these
and other solids (12,13), however, as a fraction of the total range of
isotropic shifts this effect is much larger for 2H {or IH) due to their
peripheral location. The subjects of 1H/ZH isotope effects and the ring
current theory will be discussed in Chapter IV.

The ability to obtain deuterium (or proton) high resolution isotropic
spectra provides a useful tool for the study of the solid state, especially
since the results demonstrated above are applicable to e.g., amorphous,

glassy, or plastic crystalline solids and, of course, polycrystalline



solids which eliminates any need to produce single crystals. Several
further examples will be presented in the next section. These results
offer the possibility to gain direct information on a variety of pheno-
mena of interest to physical chemists, e.g., phase transitions, ferro-
electric and paraelectric materials, interactions with surfaces
(adsorption, chemisorption, catalysis), hydrogen bounding, and solid
state reactions. The 1sotropic solid state spectra sacrifice the infor-
mation on chemical shift anisotropy in order to gain resolution and make
use of the resonance shifts in empirical structure determination.
Ceneral theoretical calculation of chemical shifts has been a difficult
task with uncertain results. More recently, the isotropic shift has
become an all important tool as a spreading parameter of resonances in
two~dimensional spectroscopy in both solids and liquids.

The isotropic and quadrupole shift data at the two high magnetic

fields used to determine the o's for per-d-p-det is summarized in Table

VI. Also shown is the two field data for per-d-4,4'-dimethylbenzophenone,

per~d-4,4'-dmbp, used to estimate mQ as well as extract o. Since the A
for the methyl position in these two compounds are very similar, the

A' = 0.78 ppm for the aromatic position in per-d-4,4'-dmbp can be simply
related to the A' = 0.68 for per-d-p-det with Equation I1I-4 and the
dependence A « mg. The result is mQ(4,4'—dmbp) = 142 kHz as shown in

Table ITI.

3. Spectral Resclution
a. Contributions to the Linewidth
A number of factors contribute to the linewidth in the

isotropic deuterium spectra and in this section those factors most
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TABLE VI: Deuterium solid state chemical and quadrupole shifts

in Hz(ppm)
Compound (position)l OBSERVED2 EXPERIMENTAL
(per-deuterated) SHIFT o' Al
wO/Z'n = 27.94 MHz
4,4"-dubp (aromatic) 207(7.4) 122¢4.5) 85(3.0)
p-det (methylene) 120(4.3) 65(2.3) 55(2.0)
p-det (aromatic) 236(3.5) 161(¢(5.8) 75¢2.7)
m0/21? = 55.35
4,4"-dmbp (aromatic) 285(5.2) 242(4.5) 43(0.78)
p~det (methylene) 156(2.8) 128(2.3) 28(0.50)
p~det (aromatic) 357(6.5) 319(5.8) 38(0.68)

1. dmbp = dimethylbenzophenone;

det = diethylterephthalate.

2. Shift between center of resonance and methyl peak for p-det;

shift between upfield aromatic peak and center of methyl

resonance for 4,4'=-dmbp.
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appropriate to crystalline organic molecular solids will be enumerated.
Comparison with experimental results is givenm in the following sections.
Other factors of importance for non-crystalline and conducting solids as.
well as those given here have been discussed in detail previously in
regard to spin )% nuclei in solids (51,52). 1In the paragraphs below it
is assumed that the contribution from laboratory magnetic field inhomo-
genelity can be eliminated or simply measured in a liquid sample and
taken into account. Also, the spin-lattice relaxation times for deu-
terium in the class of solids considered generally gives no more than
two Hertz width for methyl groups and a negligible contribution for
rigid lattice deuterons where usually T1 > 1 sec. Some exceptions are
pointed out below. All of the contributions listed below are affected
to a greater or lesser degree by the stability and axis adjustment of
the sample turbine, however, only the residual 2H quadrupole terms are
significant in this respect since they dominate the internal Hamiltonian.
The absolute frequency of rotation is generally irrelevant since it
always exceeds the frequency width of the non-spinning homogeneous inter-
actions; i.e., homonuclear dipole and second order guadrupole interactions.
The stability of the frequency of rotatlon while averaging the
synchronously sampled fid's 1s crucial since it determines the time base
of the fid's., Since the scans are added digitally and point by point,
a drift of the spinner frequency, Gmr, gives a broadening of approxi-
mately fAmsmr/mr where the fraction f takes into account the distribution
about a mean of wr's from scan to scan and Aw is the resonance offset.
The data presented in this section were obtained with Aw and Gmr mini-

mized so that this contribution to the linewidth was negligible.
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i) Bulk diamagnetic susceptibility
Crystallites of a powder sample often have an
anisotropic susceptibility and voids In the powder may also appear as
anisotropic susceptibilities. For a powder, magic angle rotation should
usvally remove the broadeuing due to isotropic susceptibilities, but the
broadening due to anisotropic susceptibilities are not coupletely removed.

The residual broadening is propertional to Bo (51-55).

ii) Homonuclear dipole couplings
The vesidual deuterium homonuclear dipole
coupling under magic angle rotation was examined in Chapter ID4. The

residual broadening does not depend on w, as mentioned above, or Bo.

1ii) Residual quadrupole effects
From the results of the previous sections it is

concluded that the first order quadrupole interaction may be made

smaller than the second order term, Oug/wo. At high laboratory magnetic
field the latter is reduced to a very few Hertz for all but +he largest
QS.

Hetercnuclear dipole couplings can be efficiently removed 3>v cne
combination of magic angle rotation and rf decoupling in most cases. A
dispersion of the isotropic chemical shift which results in a marked
linebroadening in amorphous solids appears to be negligible in crystal-
line solids. The isotropic ZH-IH J ccupling is on the order of 1-2 Hz
and may contribute to linewidths in partially deuterated samples. Iso-

tropic 2H—13C J couplings, which can be some 25 Hz, are not observed

since the 136 is naturally dilute.



b. Results for p-dimethoxybenzene

Experimental resonance linewidths for p-dimethoxybenzene
in a variety of deuteration schemes are shown in Table VII. The un-
certainty in methy. resonance widths is *1 Hz and for aromatic resonance
widths i{s *3 Hz. Some of the corresponding spectra are shown in Figure
26. Differences in integrated intensitier in Figure 26 are due to the
strength of pulse and the use of cross polarization, the latter to be
described in a later section.

In order to isolare the various contributicrs to the linewidth two
methods were used. First, the generally unknown susceptibility contri-
bution was determined by independently measuring the other contrihucions
and subtracting from the measured widtk. The results used were: i)

3-4 Hz magretic field inhomogeneity, ii) 2 Hz for methyl Tl’ iii) 1 Hz
for methyl second order quadrupolar contribution (theoretical), iv) 18 Hz
for aromatic second order quadrupole at m0/2ﬂ = 28 MHz (theoretical), and
v) 10 Hz for aromatic second order quadrupole at 55 MHz (theoretical).
The latter two values allow a slight (0.002°) deviation from the Bm.

The heteronuclear 1H— 2H dipole contribution was assumed to be zero and
the residual 2H- 2H homonuclear dipolar contribution was taken as the
d.fference between deuterations (1) and (2) in Table VII. With these
values the susceptibility contribution was determined v+ e 0.5 * 0.1 ppm.

The magnetic field dependence of linewidths can be usfza to extract
the susceptibility and second order quadrupole contributions in the same
manner as for resonance shifts in Equation I1I-4 as long as the field
independent contributions are known with reasonable precision. Applying
this method to the data at 28355 MHz for deuteration (1) in Table VII

gives a suscept.bility contribntion of 0.4 ppm and a second order
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TABLE VII: Deuterium isotropic resonance linewidths for
p-dimethoxybenzene (Hz)
Deuteration Position Linewidth
m0/211 (Mliz)
6.24 27.94 55.35
1) > 997 methyl 58 42 58
97% aromatic 109 kY 40
2) 2.8% (-CHZD) methyl 21
4.8% aromatic 23
3)  44% (-CD3) methyl 25
667 aromatic 33
4)  98% (-CHZD) methyl 35
687% aromatic 38
5) negligible methyl —
> 95% aromatic 39
6) > 99% methyl 54
negligible aromatic —
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Figure 26

Isotropic deuterium spectra of polycrystalline p-dimethoxybenzene
obtained by magic angle rotation with spirning synchronized data
acquisition. Level of deuteration (see Table VII): a) 2.8% —CHZD,
4.8% aromatic, b) 44% —CD3, 66% aromatic, c) per-deuterated,

d) 98% -CH,D, 66% aromatic.
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quadrupole contribution of 18;9 Hz for the two fields respectively.
These are in close agreement with the theoretical values cited above.

The heteronuclear 1H- 2H dipolar contribution is probably not
completely removed by decoupling (2,51) which is important for samples
(2) through (6) in Table VII. In samples (2) through (4) the decoupling
conditions were similar and it is interesting that the resonances in
highly deuterated sample (3) are as narrow as those in slightly deuter-
ated (2). The cunclusion is that the deuterons need not be extremely
dilute to remove their homonuclear dipole couplings. Also, since the
resonances of sample (4) were broader than sample (3) it canmot be
assumed that nearest neighbor dipole couplings always dominate ~ the
summation over all sites and the effects of molecular reorientation must
be considered. Spinner axis adjustment was not optimized for sample (5)
because T1 was being measured at the time and was extremely long. The
reason for the larger FWHM of sample (6) is not understood. It is pos-
sible that several Hertz broadening, due to 1H which is not removed by
1H decoupling existed and that there was some variation of this amount
from sample to sample.

In conclusion, three major contributions to resorance linewidths have
been extracted and identified. Since the ability to study solids without
special physical preparation or growing of single crystals is guite
valuable, the susceptibility broadening presents a major problem in
obtaining resolution comparable to that of the NMR of fluids. The
deuterium homonuclear dipole coupling can be completely removed when the
solid is not fully deuterated. Allowing a few Hertz broadening by
1H--ZH residual dipole coupling due to off resonance proton decoupling

and insufficient decoupling power will reduce the estimated susceptibility
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decoupling contribution cited above slightly. The second order quadru-
pole contribution to the linewidth is negligible at NO/ZI = 55 MHz for

w. < 60 kHz, but gives an important contribution for lower fields or

Q
larger quadrupole couplings.

In order to determine the best deuteration scheme for solid state
studies, resolution and sensitivity must be considered. The results
above indlcate that the highest resolution may be obtained when the level
of deuteration is up to % of all sites and this also reduces the tech~
nical requirements for proton decoupling. The question of sensitivity
is addressed in a later section with cross polarization results. For
the present, the sensitivity attained by application of z single "weak”
pulse for synchronous magic angle FT-NMR is indicated by Figure 27, the

isotropic spectrum of 0.1 g of per-d-p-dmb obtained from a single scan

at mO/Zn = 55 MHz and wr/ZW = 5076 Hz exactly.

c. Results for p-diethylterephthalate
Experimental resonance linewidths for p-diethyltereph-

thalate in a variety of deuteration schemes are shown in Table VIII.
Some of the corresponding spectra are shown in Figure 28 in which selec-
tive isotopic substitution is demonstrated as opposed to random isotopic
exchange. Independent contributions cited in the last section were
similar with the additional values: 1) 13 Hz for methylene second order
quadrupole at 28 MHz and ii) 7 Hz methylene second order quadrupole at
55 MHz. The susceptibility contribution was determined to be 0.7 ppm *
0.2 ppm, however, if 10 Hz contribution is assumed for residual 1H— 2H
dipole coupling this value is reduced to 0.4 ppm. Precision of data in

Table VIII is less than in the previous section and the variation of
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Figure 27

Isotropic deuterium spectrum from a single scan of per-deuterated

p-dimethoxybenzene with magic angle rotaation at 5076 Hz. Sample

weight was 0.1 gram and w0/21r(2H) = 55 MHz.
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TABLE VIII:

p-diethyterephthalate (Hz).

Deuterium isotropic resonance linewidths for

Deuzeration Position Linewidth
m0/2'n (MHZ)
27.94 55.35
1) 98.7% methyl 31 39
of all sites methylene 75 106
aromatic 52 72
2) 2.5% methyl 20
5.9% methylene 33
9.5% aromatic 40
3) 8772 methyl 39 68
negligible methylene —_ —_
> 98% aromatic 64 86
4) > 95% methyl 34
> 95% methylene 64
negligible aromatic _
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Figure 28

Isotropic deuterium spectra of selectively deuterated
p-diethylterephthalate at w0/2-n (ZH) = 28 MHz. Level of deuteration
(see Table VIII): a) per-deuterated, b) per-deuterated except

methylene position, c) per-deuterated except aromatic position.
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linewidths was not pursued further, however, a residual 1H— ZH dipole
contribution is certainly indicated. The spectrum of sample (2) is

shown in Figure 29. Taking into account the "weak” pulse, the integrated
intensities agree with the results of the solution NMR and mass spec

analysis within 3%.

d. Further Results

Experimental resonance linewidths for a variety of model
deuterated solids are shown in Table IX. Some observations are
enumerated below.

i) 4,4'-dimethylbenzophenone
Since the methyl linewidth has a nrgligible
second order quadrupole contribution, the width is the sum of a constant
term and the susceptibility term which is linear in BO. Using the inde-
pendent contributions cited previously the two field data indicate that
the residual 2H- 2H homonuclear dipole contribution is negligible and
the susceptibility contribution is 0.7 ppm. Estimating the aromatic
second order quadrupole contribution from mQ in Table III gives a similar
result for the aromatic resonances with susceptibility broadening 0.9
ppm. There is no uncertainty in these results due to proton decoupling.
i1i)} p-dimethylterephthalate
Assuming a homonuclear dipole contribution of

30 Hz from samples (2) and (4), the linewidth for the spinning single
crystal (3) is expected to be 37 Hz in the absence of susceptibility
broadening. This compares with the observed value of 35 Hz and indi-
cates that no susceptibility broadening is found in a single crystal
even of prismatic shape (although a residual resonance shift is possible).

The susceptibility contribution is determined to be 0.8 ppm for the powder.



D3CD,C0,C C0,CD,CD5

Figure 29

Isotropic deuterium spectrum of p~diethylterephthalate
cbtained by multiple contact cross pelarization with magic angle
rotation and spinning synchronized data acquisition at
w0/211(21-l) = 28 MHz. Level of deuteration: 2.5% methyl, 5.9%

methylene, 9.5% aromatic,
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TABLE IX: Deuterium isotropic resonance linewidths (Hz).
Compound Deuteration/Position Linewidth
wol21T (MHz)
27.94 55.35
1) 4,4'-dmbp3 97% wethyl 24 45
of all sites } aromatic 441 622
2) p-dmt? > 99% methyl 57
of all sites | aromatic 38
3) p-dmt > 95% methyl 35
single crystal of all sites | aromatic —
4) p-dmt 2% (—CHZD) - methyl 27
9.5% - aromatic —
5) ferrocene 28% 20
6) p-dtbb> 98.8% wethyl 61 69
of all sites | aromatic —_ —
7) p-dtbb negligible - methyl -_—
98% - aromatic 49
8) adamantane 30% 15
1. FWHM of unresolved peaks minus ¢ difference measured at 55 MHz.
2. Twice the HWHM of upfield peak.
3. dmbp = dimethylbenzophenone.

dmt = dimethylterephthalate.

dtbb = di-tr~butylbenzene.



iii) p-di-t-butylbenzene
The unusually short methyl T1 = 10 msec, probably
due to hindered rotation and the quadrupolar relaxation mechanism, gives
a contribution of 32 Hz. The two field data result is 0.2 to 0.3 ppm
for susceptibility and 18 Hz for homonuclear dipole broadening. There is

no uncertainty in these results due to proton decoupling.

iv) adamantane

The 0.27 ppm width was the narrowest resonance

observed.

v) hexamethylbenzene
Linewidths ranging from 35-68 Hz were observed
at 28;55 MHz for various level of deuteration, with a susceptibility
contribution of 0.8 ppm. The methyl linewidth for 13C at 45 MHz was
1 ppm and Garroway et al. (53) have reported that the susceptibility
contribution is 0.7 - 0.9 ppm.

Compressing the sample >r disperzing the powder in a medium of
similar and isotroplc susceptiiility czn largely reduce the residual
broadening due to isotropic susceptitilities (51-55). A part of the
contributions cited above may be due to isotropic susceptibilities.
Dispersing the hexamethylbenzene and ferrocene in paraffin did not

change the observed linewidths, but this test was not conclusive.

Due to tha ma2gnetic field dependence of the guadrupole
shifts and susceptibility contribution to the linewidth, the resolution
attainable depends on wQ and Bo. Holding mq constant and defining
resolution as the range of isotropic chemical shifts divided by the
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resonance FWHM, the resolution can increase dramatically from Bo =1
Tesla to Bo = 8.5 Tesla as shown for the aromatic resonances in Figure
25, In general, resolution varies according to AGBO/(qBali-sBO) where
q,s are the second order quadrupole and susceptibility contributious to
the linewidth respectively. From 1T to 8.5 T resolution increases by
nearly a factor of 20 for large mQ = 130 kHz as in Figure 25, but only
a further 20% increase could be realized at higher fields.

When there are many mQ's for the observed nuclei, resclution varies
according to (AcBoi-A')/(qavgﬂald-sBO) where A' is the diffe~ence in
quadrupole shifts defined in Equation I1I-4. The resolution gain by
decrease in quadrupole broadening can be offset by reduction of A'. 1In
general, the optimum resolution is attained for higher fields, but little
is to be gained above 8.5 T. For larger mQ, e.g., 14N, the suscepti-
bility contributicn is negligible compared to the quadrupole effects.

For instance, holding Wy constant the resolution increases as approxi-

mately Bé. However, selective methods to reduce quadrupole broadening
would be useful as mentioned in Chapter I.

Optimum resolution for deuterium at 8.5 T is illustrated in Figure 30,
the isotropic spectrum of per-d-p-det. Resonances are assigned as before
and the crystallographic inequivalence of aromatic sites is revealed
with an 0.4 ppm splitting. In the 13C CP-MAS spectrum of this compound,
this inequivalence was found to be 1.1 ppm (56) and for other para-di-
substituted benzenes differences in the 2,5 and 3,6 ring carbons of 2-7
ppm have been reported (12,13,51,53,57).

The isotropic spectrum of 4,4'-dimethylbenzophenone at 4.3 T is
shown in Figure 31. Optimum resolution at 8.5 T is illustrated in Figure

32. The downfield aromatic resonance shows a splitting attributed to
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Figure 30

Isotropic deuterium spectrum of per-deuterated p-diethyltere-
phthalate at uJo/Zn(zH) = 55 MHz. Sp»litting of 0.4 ppm in aromatic
resonance is due to crystallographic inequivalence of 2,! and 3,6

ring positions.
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Figure 31

Isotropic deuterium spectrum of per-deuterated 4,4'-dimethyl-
benzophenone at wO/Z'n(ZH) = 28 MHz. The methyl resonance appears
as a doublet indicating that the 4,4' methyls are not magnetically
equivalent. The broad aromatic resonance appears to have unresolved

structure.
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Figure 32

Isotropic deuterium spectrum of per-deuterated 4,4'-
dimethylbenzophenone at u)o/Z'n(ZH) = 55 MHz. Methyl doublet
indicates that the 4,4' methyl groups are not magnetically
equivalent. The distribution of aromatic isotropic shifts agrees

with a non-planar conformation of the molecules in the crystal.
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non-planarity of the molecule in the solid state. Observation of two
resonances in the methyl region is an interesting result and will be
discussed further in Chapter IV with the isotropic 1H results.
Resolution at 8.5 T is further illustrated in Figure 33, the iso-
tropic spectrum of per-~d-para-di-t-butylbenzene for a series of spinner
axis settings ranging from %ﬂ- 0.020° (top left) to 8m1-0.017’ (bottom
right). The single methyl resonance is off scale due to its large
intensity. Crystallographic inequivalence of the 2,5 and 3,6 ring
carbons was detected by a 1.7 ppm splitting in the 130 spectrum by
Lippmaa et al. (13) and it is well-known that the t-butyl groups do not
rotate at room cemperature. The deuterium isotropic spectrum at the
magic angle (bottom left) shows two unequal peaks with 2.2 ppm splitting.
Residual second order quadrupole and homonuclear dipole couplings
evidently cause this effect. The 13C, ZH, and 1H {Ch. IV) results are
not consistent and further study is required to unravel the cause of the

differences.
E. Proton-Enhanced Deuterium NMR in Rotating Solids

1. Introduction
Proton-enhanced nuclear induction spectroscopy is a powerful
method for increasing the sensitivity of NMR in solids {(8). It has been
applied to enhance 13C signals in magic angle spinning solids and those
of various other spin % nuclei (7,11,13,58). The spinning modulates the
dipole-dipole interacticns which induce the transfer of polarization
between the 1H and 13C Zeeman reservoirs in the rotating frame, but does

not quench that process as long as the rotatiom frequency is somewhat

smaller than the local dipole field (58)., Transfer of polarization
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Fipure 33
Isotropic deuterium spectra of per-deuterated para-di-t-

butylbenzene for a series of spinner axis settings ranging from
Bm—0.020° (top left) to sm+o.017° (lower right). The single methyl
resonance is off scale due to its larger intensity. The powder
pattern lineshape of the aromatic resonance is evident at settings
away from the magic angle. The complex lineshape, appearing even at
the magic setting (lower left), results from the convolution of

residual dipolar and second order quadrupole lineshapes.



between spin-% (lﬂ) and spin-1 (ZH) systems has been investigated
recently in non-rotating solids. Selective single- and double-quantum
cross polarization have been demonstrated and their dynamics analyzed
(25). Also, deuterium quadrupole tensor polarization by thermal contact
between proton dipole and deuterium quadrupole reservoirs has been
reported (50). Sample rotation modulates the quadrupole coupling as
well as the dipole couplings and this affects both the efficiency and
dynamics of the transfer of polarization. In this section the applica-
tion of proton-enhanced NMR to deuterium in magic angle spinning powders
is described and the conditions for efficient transfer of polarization

from 1H to 2H analyzed (60).

2. Theoretical
The Hamiltonian for the deuterium spin systems (S) in the
rotating frame and on-resonance (Aw << wlS’mQ) in the rotating frame

has the form

S

in frequency units, where e is the deuterium rf field amplitude and
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1 2 2
H, = wlSSx + 3 mQ(t)(3Sz- s7), (III-5)

g t) = 2 e%q0(3 [3cos?B(r)-11} (111-6)

is the time-dependent quadrupole coupling amplitude, For simplicity, an
axially symmetric quadrupole interaction is assumed where n = 0. HS is
diagonalized by a unitary transformation (44,45) and the result is given
by

_ ol _1 _1 2_ 2
Hg =T "HgT = 5 we(t)Sz 3 wQ(t)(3Sz s9,

7]



where
we(t) = [mé(t) + 4wiS] R

Zuyg/0e (t)

tang = 33123752727 N (I17-7)

3 -k

2 %coske -2 -z'lism!ze

T =] sinkd 0 coslst

2-%cos%e 7% -2-%sin%9

are the effective field amplitude, tilt angle, and transformation matrix
respectively. 1In this transformation, columns 2 and 3 in the matrix of
Equation 37 in Reference 45 are permuted in order to preserve the numer-
ical labeling of states and symmetry in the tilted frame of reference.
Thus both the magnitude and orientation of the effective field are modu-
lated by the magic angle spinning. If deuterium Zeeman polarization can
be generated, it must be able to adiabatically follow that modulation in
order to remain spin-locked. The set of Bloch-like equations for an
oscillating three-level system have been analyzed, which have previously
been solved for a stationary three-level system (61). When the frequency
of sample rotation, w_ < mlS’uQ the spin polarization can adiabatically

T
follow the modulation if the condition is fulfilled that

2
[N}

15 > uer(:)max, (111-8)

where wQ(t:)Inax is the maximum value of uq(t) during the spinner cycle.

2 .
Explicitly, when wig > 10mer(t)max the maximum deviation of spin orien-
tation from the quantization axis in the frame given by Equation III-7 is

less than 4°,



The Hamiltonian for the combined deuterium (S) and proton (I) spip
system in a souble rotating frame defined by Equation III-7 and an

on-resonance rf irradiation at the proton Larmor frequency has the form

T T T T T
H Hy + Hpp + Hg + Hpg, (111-9)
vhere Hg is given in Equation III-7, H§I is the secular dipole-dipole

coupling amongst the protons, and HT =W The transfer of polari-

I IIIx'

zation is induced by His which is given by
T 1-2 2-3
= - -+
HIS E; Zbij( Ix’in’jcos%B Ix’isx’jsinkﬂ),
b,. = ~2y,v.173 P, (cosa, ) (111-10)
1j i'j7ij "2 137°

where 6 is given in Equation III-7 and the S:-q are the fictitious

spin-) operators describing the spin-1 system (44,45). By sacond-order

T
1S

flips 1-2 or 2-3 accompanied by a proton flip. The Hartmann-Hahn

perturbation, H._. induces either effective field deuterium single~quantun

matching conditions for these emergy conserving flip-flops are given by

Wy = %[we(t)— mq(t)] for the 1-2 transition (111-11a)
and

ugg = k[we(t)4»wq(t)] for the 2-3 tramsition. (III-11b)

The result of the transfer of polarization can be calculated by

application of the spin temperature theory. For a non-spinning sample

1-
one can set Aw, w;o << mQ and thus 6 << 1 so that only the Sx 2 term

survivez in Hi This makes selective double-quantum cross polarization

5
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possible (25). In a rotating sample the medulation of uQ(t) causes both
terms in His to be non-zero at some point during the rotor cycle. This
results in a complex transfer of polarization involving both 1-2 and 2-3
cransitions. The deuterium polarization created after a cross-relaxation
contact is represented by the operators Sz and 355 - S2 in Equation III-7.

Transformation of these operators back into the original rovating frame

of Equation III-3 gives
t_ ok 1 2.2, 1 2_.2
TSzT 2 sinB(Sx) + % cose(S+4-S_) + 7 cose(3sz- s$9), (111-12)

2_ 2t 1 a2 o2y 03 2 2 _
T(35, - S)T' = - 5 (35,-57) + 7 (s +5D). (111-13)

Thus the proton-enhanced deuterium system will exhibit single-quantum,
double-quantum and quadrupole tensor polarization as a function of the
effective frame tilt angle, 6(t), which is determined by the relative

strength of wlS

In a non-spinning polycrystalline sample only a few deuterium spins

to mQ(t).

match the Hartmann-Hahn conditions of Equations IIT-11 and the polari-
zation transfer is inefficient. However, rotation of the sample about
the magic axis modulates the deuterium energy levels of Equation III-7
and thus the corresponding transition freguencies as shown in Figure 34
(top). The 1-2 and 2-3 transitions oscillate with large amplitudes.
Setting the value of oy within the range of that oscillation allows the
deuterium spins to match the conditions of Equations III-11 at least
once during the spinner cycle. Assuming an isotropic distribution for
the orientation of the unique axis of the quadrupole interaction tensor
in the sample, the fraction of deuterium spins that achieve the matching

conditions is shown in Figure 34 (bottom) as a function of W for a
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Figure 34

Theoretical aspects of 1H-2H cross polarizati n in rotating solids.
Top: Dependence of the effective field transition frequencies, wij‘ in
the tilted rotating frame on the sample rotation for one spinner cycle.
Parameters: O = 600, mQ = 14.2 kHz, wg = 18 kHz. Bottom: Fraction of
sample, fS. which meets one of the single quantum Hartmann-Hahn

conditions at least once during a spinner cycle plotted vs. Wy o
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constant Wy In the region Wyg = Wyq all spins achieve matching and
efficient cross polarization is expected. The distinct tails in Figure
34 (bottom) represent regions where only one of the two conditions in
Equations IIT-11 can be matched during the spinner cycle. Thus the
polarization transfer induced by H:s via effective fiéld single-quantum
flips is possible over a wide range qf wls - however, the matching
is obtained only for a fraction of the spinner cycle, and this reduces
the rate of transfer that is possible (62).

An alternative mechanism for polarization transfer is a transition
in which the deuterium spin undergoes an effective field double-quantum
flip accompanied by one or two proton flips (63). This is the 1-3

transition in Figure 34 (top) which is forbidden by second-order per-

turbation and would require that L me(t), where n = 1,2. Since this

transition oscillates over a much smaller range during the spinner cycle
than the 1-2 and 2-3 transitions, it would lead to & much narrower

matching region than that shown in Figure 34 (bottom).

3. Experimental Results
Proton-enhanced deuterium signals were obtained by spin-

locking the proton magnetization followed by single-contact thermal
nixing between the I and S reservoirs. The duration of the contact was
a multiple of the spinmer cycle. Both I and S rf irradiation were on-
resonance, Following the mixing, the 8 irradiation was turned off and
the I irradiation left on for proton decoupling while the S free induc-
tion decay was monitored directly. Experiments were performed at

wO/Z‘H(ZH) = 28 Wiz and uy/2r("H) = 182 Mz
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Results on proton-enhanced deuterium signals for a sample of poly-
crystalline 30% randomly deuterated hexamethylbenzene rotating at 1.47
kHz are shown in Figure 35. The experimental proton rf field amplitude ’
was w11/2w = 20,8 kHz. 1In Figure 35 (top) is shown the ratio of cross-

' polarized signal intensity, SCP, to the intensity after a single 90°
pulse, SO, as a function of wyge The duration of cross-relaxation con-
tact was 25 cycles = 17 ms. The cross-polarization rates, 1/TIS, for
this same data set are shown in Figure 35 (bottom). The cross-relaxation
curves were fit to a single exponential to extract IIS’ however, the
curves were not single exponential and the relztive error in 1/TIS is
estimated to be *20%. Maximum enhancement observed for this sample

was SCP/So = 3.2.

The proton-enhanced high-resolution spectrum of polycrystalline
dimethoxybenzene is shown in Figure 36. This sample was randomly deuter-
ated to 66% in the aromatic position and selectively mono-deuterated to
98% in the methoxy position, DHZCO-¢D4-OCH2D. The maximum enhancement
factors, SCP/SO, for some polycrystalline samples are summarized in
Table X. Good enhancement was obtained in each case.

Theoretical values SCP/S0 for single-quantum spin-locked cross

polarization are calculated from (8)

s%r5% = Indya+ot
= 6.514 (1+8N/N) 7" (111-14)
where € = [S(S+—1)/I(IJ—1)]NS/NI. In comparing these values to experi-
mental values, it should be noted that the experimental SO is somewhat

smaller than expected gince the pulse is not "strong" for the eatire
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Cross polarization results for deuterated hexamethylbenzene
with W /21 = 1.47 kHz, w /21T = 20.8 kHz, and 17 msec contact
time. Top. Deuterium signal enhancenent factor, S /S , as a
function of wlS' Bottom: Cross polarization rates, 1/TIS, for
the same data set.
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Figure 36

Isotropic deuterium spectra of partially deuterated
p-dimethoxybenzene (see Table VII, 4). Lower trace, SD, was
obtained from the fid after a single 90° pulse. Upper trace,

SCP, shows gain in sensitiyity resulting from 9 msec single contact

cross polarization from protonms.
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TABLE X: Deuterium polarization enh t for 1H-2H cross

polarization in rotating powders

CPO‘CPO

Compound | Position T wlsIZ'n m11/2'n F- a3 =:s s
(meec) (kHz) (kHz) (expt.) . (theory)
1 - o
1) p-dmb nethyl(C.‘ZD 98%) 21 64 4 2.2 20
aromatic (66%) 2.6 *
1
2) p-dmb ! methyl (negligible) - !
avomatic (95%) 22 41 50 g 123
- H i
3) p-dmb |methyl (CH,D 3%) B 36 5.6 ¢,
aromatic (57) ! ‘ 6.6 |
i
i i
4) p-det® |methyl (2.5%) i ' 4.1
methylene (5.9%) 19 | 36 42 4.5 5.6
aromatic (9.5%) : ‘
I

1. p-dimetiioxvbenzene

2. r-diethylterephthalate



powder. When g < NQ the magnetizations of crystallites with different
orientations are rotated by different ar:ies. Thus a single pulse does
not bring them all into the transverse plane as described in a previous
section and it also generates some double-quantum coherence.

The theoretical enhancement for hmb was 3.0, slightly smaller than
observed. Experimental values in Table Y are given fo~ each resolved
region and the average of those values should be compared to the theo-
retical value. Close to theoretical enhancement was achievezd in =ost
cases, however, deuterons in rigid lattice pesitions with mQ ~ 130 kHz
gave enhanc.iuents strongly dependent un the matching conditions. This
empirical result is illustrates in Figure 37 by the enhancement and TIS
data for p-dimethoxybenzene (sample (3} of Table VII). For this experi-
ment wlI/Zﬂ = 42 kHz. The unusual feature is that TIS for the methyl
resonance changes drastically in the region wig ™ g and the emhancement
falls off rapidly for increasing wige Correspondingly, the enhancement
in the aromatic resonance jumps sharply. While this is not completely
explained, it is due in part to the broader matching region (see Fig. 34)
of the aromatic deuterons with larger mq and makes possible selective
observation of one deuterium type over another when their mq's are very
different. For example, in Figure 38 are shown the isotropic spectra of
p-dimethoxybenzene (sample (3) of Table VII) for various spinner axis
settings obtained by cross-polarization. 1In Figure 38c, the mlS/ZH =
63 kHz and mlI/Zﬂ = 42 kHz so that the aromatic signal is selectively
enbanced (see Fig. 37), which was used in this case to measure wQ. It
is also interesting that in Figure 38b the quadrupole powder patterns of
the aromatic peaks are clearly seen to be separated by their difference

in isotropic shifts (measured in Fig. 38a).
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Cross polarization results for partially deuterated
p-dimethoxybenzene (see Table VII, 3}, with w, I/Z'n = 42 kHz.
Top: Deuterium signal enhancement factor, SC /So, as a function of
Wyg Increase of aromatic enhancement at higher g is due mainly
to its larger LuQ and Hartmann-Hahn matching region. Bottom: Cross

polarization times, TIS’ for the same data set.
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Figure 38
Isotropic deuterium spectra of p-dimethoxybenzene (Table VII,3)

obtained by 1H-ZH cross polarization for a series of sample spinmner
axis settings. a) Exact magic angle setting, b) off magic setting witi
chemical shifts and quadrupole powder patterns observable, c) A further
of f magic setting with selective cross polarization enhancement of the
aromatic deuterons (see Figure 37) at wlS/ZH = 63 kHz, d) A further

off magic setting illustrating chemical shifts ard quadrupole powder

patterns.



4. Conclusion

Evidently most of the transferred polarization does remain
locked along the effective field as its direction oscillates. The broad
matching curve and cross-relaxation data of Figures 35 and 37 strongly
support the conclusion that the transfer of polarization occurs by the
two-spin single-quantum flip-flop process. In a rotating powder there
is a continuum of oscillating Hartmann-Hahn conditions which leads to a
very complex cross-polarization dynamics and a broad range of wyg over
which the energy conserving heteronuclear flip-flops occur. In the
limit that Yig >> mQ and Wyg = W4, pUTE single~quantum signal is gener-
ated by the transfer of polarization. However, when Wg > NQ the
single-quantum signal exceeds 95% of the total. Thus the observed
polarization should fall off more quickly on the low-frequency side where

< ey than the high frequency side since in this region more of the

“158 ¢
transferred polarization appears as double~guantum coherence and quadru-
polar polarization. The experimental cross-polarization curves, Figures
35 and 37, are broader than the theoretical matching curve, Figure 34
(bottom). Two reasons for this are: 1) the cross-relaxation spectral
density function is considerably broadened by spimning sidebands as
demonstrated by Stejskal et al. (58) and 2) the mismatch erergy,

wp - % [we(t) * mq(t)], appears in the proton reservoir H?I and can be
the limiting factor in cross relaxation in a non-rotating sample.
However, it was recently demonstrated that sample rotation strongly
couples this reservoir to the lattice (64).

Since the substitution of 2H for 1H is under the control of the

experimenter, two effects become important for high resolution deuterium

NMR. First, the level of 2H substitution should not be too high so that
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the small residual homonuclear dipole broadening is minimized. Second,
the sensitivity gain by proton-enhanced spectroscopy must take into
account the substitution of 1H by zH. In the usual case, e.g., 136 at
1% natural abundance, the protons are at 100% natural abundance. In the
present case, the substitution changes drastically the ratio Ns/NI.
Furthermore, the theoretical gain must in fairness be compared to a 30%
deuterated sample, for example, which the experimenter might choose and
which has negligible residual homonuclear dipole broadening. Using the
enhancement factor calculated by Pines et al. (8) for multiple contact
cross polarization, but comparing the gain to an arbitrary 30% deutera-
tion level, the actual enhancement factor is about two for levels of
substitution from 10-807%, but it is much less outside that range. As
will be shown in Chapter IV, levels of deuteration 907 are also desirable
and thus in practice one would prepare samples with e.g., 30% and 90X
deuteration. Cross polarization then offers a substantial savings in
time of approximately a factor of four, not including relaxation consid-
erations. The advantage of Proton-Enhanced spectroscopy often lies in
the fact that the S spins may be repolarized after Tl of the I spins or
may be repolarized many times during the spin-locked Tlp of the I spins.

The T, for deuterium and many other naturally dilute nuclei can be

1
extremely long in solids while Tl for protons is usually some several
seconds or less when methyl groups are present and can be more easily
controlled by paramagnetic relaxation agents due to its abundance and
large Yo For instance, taking relaxation into acecount the gain for
sample (5) of Table VII is enormous since T1 for the rigid lattice

deuterons is several hundred seconds. Several of the results of the

previous section were obtained by multiple contact cross polarization,



e.g., Figure 29 for which s5ix contacts were used. Details of cross
polarization dynamics and off resonance irradiation have been investi-

gated by Muller (65).
F. Double Quantum NMR with Magic Angle Spinning
1. Introduction

Magic angle spinning removes the broadening of spectra of
amorphous and polycrystalline samples due to anisotropic quadrupole and
chemical shift interactions. Practically, a spectral narrowing of aboqt
three orders of magnitude is achieved and an extremely stable sample
spinner is required having angular fluctuations smaller than a few milli-
degrees. It has been shown that by detecting the deuterium double
quantum transitions in non-rotating sam;les the anisotropic chemical
shift powder pattern can be obtained since the double quantum absorption
lines are iree of the large first order quadrupole broadening (17-21,

44 .45). In this section the combination of magic angle spinning with
double quantum NMR is presented as an alternative approach to high resolu-
tion in solids (66). In removing the quadrupole coupling via the detec-
tion of double-quantum transitions the spinner requirements become much
less stringent sincz it has only to remove the smaller chemical-shift

anisotropy as in the case of high-resolution magic angle 130 NMR.

2. Double Quantum NMR in Rotating Solids

The "forbidden" deuterium (I=1) double-quantum transitions
(Am= 2) are independent of the quadrupole coupling to first order. Thus

the double-quantum spectrum for polycrystalline and amorphous solids
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usually consists of overlapping chemical-shift pcwder patterns. By
rotating the sample about the magic angle and sampling the double-quantum
FID in multiples of spinmner cycles, Tr = 2"/mr’ the remaining chemical
shift anisotropy is also removed. Since the range of the chemical shift
is over two orders of magnitude smaller than the quadrupole splittings,
it is expected that the width of double-quantum resonance lines is
considerably less sensitive to deviations of the spinner axis from vthe
magic angle. Also, the chemical shift of the double-quantum line is

just twice that of the single-quantum line.

Double-quantum coherence is prepared by two strong pulses near
resonance separated by a short delay as in Figure 39. After evolution
for some number of spimner cycles, tl =0T, a detection pulse creates
single-quantum signal (FID) which appears as a train of rotational
echoes since the sample is rotating about the magic angle. A series of
such FIDs for increasing values of n = 1,2,3... are collected. The
decay of the first rotational echo in each of these FIDs is Fourier
transformed to give a single-quantum quadrupole powder pattern spectrum.
The double-quantum FID is obtained as a cross section through these
spectra in the second or tl time domain. This procedure avoids receiver
ring-down after the detection pulse and phase cancellation of double-
quantum coherence which occurs in a cross section through the rorational
echoes. TFourier transformation of the double-quantum FID then gives the
frequency spectrum of the t domain (2D or two-dimensional spectrum).
For the three-level spin-l deuteriun system this spectrum exhibits any
single- and double-quantum coherenct which existed after evolution time

t In the present work, @ was set to a value less than 90° (Fig. 39) in

1
order to aiisw simultaneous generation of single- and double~quantum

lines in the 2D spectrum.
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Pulse sequence for observation of deuterium isotropic chemical
shift spectrum in solids by double-quantum NMR with magic angle
spinning. Double-quantum coherence is prepared by a pair of strong
pulses and evolves during time T which 1s an integral multiple of
sample spinner cycles. A third detection pulse transfers double-~
quantum to observable single-quantum coherence which appears as a
train of rotational echoes. The decay of the first echo (t2 domain)
is Fourier transformed and the double-quantum FID is obtained as a
cross section through those spectra as n = 1,2,3,...(!:1 domain).

Proton decoupling is applied except during the deuterium rf pulses.
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The pulse sequence of Figure 39 was applied to a powder sample of
28% randomly deuterated ferrocene rotating at 1.11 kHz with
mo/2w(2H) = 28 MHz., The ferrocene mé = 73 kHz. A new set of spectra
were taken with B"” adjusted to the optimal narrowing setting and at
successive deviations from that setting. Each set consisted of the usual
single-quantum spectrum from the FID after a single pulse (one-dimension-

al or 1D) and the 2D spectrum as described above. The results are shown

in Figure 40.
3. Results

The 1D spectra show the narrowing of the quadrupole powder
pattern to a sharp line as the angle B" becomes magic. The 2D spectra
exhibit single-quantum (1-Q) and double-quantum (2-Q) lines and the
chemical shift of the 2-Q line is just twice that of the 1-Q line. While
the 1~Q linewidth depends strongly on the adjustment of B", the 2-Q line-
width is insensitive to it. For small deviations of B" from the optimal
setting, the 1-Q line broadens and falls intoc the noise while the 2-Q
linewidth does 1>t change.

The width of the 1-Q line is 20 Hz and the width of the 2-Q line is
about twice that value. Static fisid inhomogeneity and susceptibility
contributions to the linewidth have exactly double their effect for
double quantum transitions since all relative shifts are doubled. The
second order quadrupole perturbation shifts only the m = *1 °~ _.1s
leading to a broadening and shift as described previously, which are
exactly twice in size for the double quantum trrasition relative to

the single quantum transition at exact magic angle.
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Figure 40

One-dimensional (1D) and two-dimensional (2D) deuterium solid state
spectra of polycrystalline 28% randomly deuterated ferrocene-dlo rotating
at 1.11 kHz. The 1D spectra show the narrowing of the ferrocene (LuQ =
73 kHz) quadrupole powder pattern by the spinning as © approaches the
magic angle. The 2D spectra exhibit the single-quantum (1-Q) and
double-quantum (2~Q) lines and illustrate the fact that the 2-Q chemical
shift is double that of the 1-Q. As 0 deviates from the magic setting,
the 1-Q line splits into the quadrupole powder pattern and is lost in

the noise while the 2-Q line remains sharp.
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On the basis of these results, the combination of double-quantum NMR
with magic angle spinning offers the possibility for high resolution
without unusually stringent spinner requirements, especially in compli~
cated molecules with several inequivalent deuterium posi:cions. Further-
more, the use of double-quantum magic angle NMR was combined with cross-
polarization to enhance sensitivity. The 90° pulse applied to deuterium
in Figure 39 is replaced by the spin-locked cross polarization sequence

as described in the previous section.

G. Deuterium Spin Diffusion and Spin-Lattice Relaxation

1. Introduction

In the previous sections techniques for high resolution
deuterium NMR of solids were demonstrated. It is therefore important to
understand the mechanisms of deuterium spin-lattice relaxation in the
golid state. It is well-known that T1 in this case car become scme
minutes and longer making the observation of deuterium resonances almost
useless. However, it was first noticed in this work that certain spin~
lattice relaxation rates in rotating solids were much faster than ex-
pected and that this must be due to dipolar spin diffusion between
crystallographically inequivalent deuteirium nuclei.

Thus the question of spin diffusion in the deuterium system is a
critical espect of deuterium NMR in solids in both the stationary and
rotating sample cases. The related problem of cross relaxation by level
crossing between the Zeeman levels of a spin-!s system and the quadrupole
levels of a spin > 4 system has been studied extensively (6,67). 1In
this sectiosn, a new regime of homonuclear cross relaxatlion or spin dif-~

fusion within a quadrupolar spin system (I=1) is described by further
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application of the average Hamiltonian theory (68). The results are

discussed in regard to stationary and rotating samples.

2, Relaxation Mechanism
The spin-lattice relaxation of spin-l deuterium in solids in
high magnetic field at high temperature is normally dominated by its
large quadrupole coupling (1). When there is molecular motion, the time
dependence introduced into the quadrupole coupling by the motion can be
effective in producing spin-lattice relaxation. In the absence of such

motion, T, can be orders of magnitude longer since other motions in the

1
crystal, e.g., lattice vibrations, are much less effective in producing
spectral density at the deuteron Larmor frequency. In a crystal contain-
ing both rapidly reorienting and rigid deuterium types, for example, a
typical organic molecular solid containing -CD3 groups, the spin diffusion
between deuterons attempts to bring both types into intermal equilibrium
at a common spin temperature. The complete system would then relax to

the lattice temperature (6). However, the dependence of the gquadrupole
coupling on orientation in the external magnetic field quenches the spin
diffusion and causes the different deuterium types to relax at indepen-
dent and widely different rates.

This effect is described qualitatively for deuterium in high magic.ic
field in an axially symmetric electric field gradient in Figure 5.
Neighboring deuterons in a crystal, illustrated by the left and riglt
hand sides in Figures 5a and 5b, can have different orientations of the
unique axis of their quadrupole interaction tensors with respect to the
external magnetic field direction. They will then have largely different

quadrupole splittings, QQ, as indicated in Figure 5a, and a flip~flop
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transition due to the Iili + IiIi term of their dipole-dipole coupling
would not be allowed since it 1s not energy conserving. Thus the spin
diffusion between these deuterons is quenched. For spin diffusion to
occur, theilr quadrupole splittings must be equal to within a local field
width., In other words, the quadrupole satellites of the two nuclei must
overlap as shown in Figure 5b. The dependence of the quadrupole split-
ting on orientation is 1llustrated in Figure 5c. The quenching of spin
diffusion in a powder sample occurs since there is an isotropic distri-
bution of crystallite orientations. For neighboring deuterons in a
crystallite, which have different directions of their unique quadrupole
axis in the crystal fixed reference frame, to undergo spin diffusion the
crystallite must fall at such an orientation in the lab frame that the
two deuterons have the same quadrupole splitting, ﬂQ. Only a negligible
fraction of the crystallites of the powder will meet that condition.
Since the deuterium quadrupole coupling is much larger than its dipole-
dipole couplings, the matching of quadrupole splittings occurs over a
very small angular range. A similar quenching of cross relaxation among
chemically shifted 31P(I = %) resonances and the restoration of cross
relaxation by sample rotation was studied by Andrew et al. (69).

When the sample is rotated about the magic angle, the quadrupole
splicting of the deuterons is modulated harmonically. This modulation
is shown in Figure 6 for two deuterons which have different orientations,
i.e., polar angles, of their unique guadrupole axis with respect to the
axis of sample rotation. At some point during the rotation cycle, the
quadrupole splittings of the two deuterons must become equal and during
this crossing the spin diffusicn can ocrur. The width of the crossing

region depends on the magnitude of the dipolar coupling between the



crossing deuterons and the gteepness with which their guadrupole split-
tirgs eross. During the rotation cycle, the quadrupole splitting of each
deuteran civsses with that of every other deuter~n. Therefore, the sampie
rotation matches the quadrupole splittings of all pairs for some part of
the cycle and partially restores spin diffusion in the deuterium system.
This may also be viewed as a cross relaxation between crystallographically

inejuivalent deuterons.

3. Average Hamiltonian for Dipolar Coupled Spins I = 1
The crucial issue at this point is to elucidate the couplings

L2tween deuterons provided by their mutual homonuclear dipole coupling,
ﬂgs, and determine the possible pathways for spin diffusion. This analy-
sis was performed by application of average Hamiltonian theory and was
given in Chapter ID4, Details are grven in Apnrendix A.

The results of the calculation soown in Equations I-~35 through I-38
are summarized in Table XI. Consider first the non-rotating solid.
When the quadrupole splittings are equal or equal and opposite, the usual
first order spin diffusion process is ¥esonant as described in the pre-
vious section. When the quadrupole couplings are unequal, the term
Owgslwq in Equation I-35 and smaller terms, which are not shown and may
be significant, will provide spin diffusion at a lesser rate than the
first order process. This is analogous to the result obtained by time-
dependent perturbation theory to second order.

In the magic angle rotating solid the first order resonant process
exists, but is reduced by one to three orders of magnitude since it is
only in effect ar "crossing poin's" as described in the previous section.

It is assumed that w, >N w-g which is generally true for 2H, 14N. The
a



137

TABLE XI: Average Hamiltonian spin diffusion terms for
gpins I = 1 in solids
Experiment term average Hamiltonian refereace
descript:[.on term equatior
non- resonant 19,23
rotating crossing H'S'Stt I+ T I-35
sample (equal QQ)
non-resonant Quwl_ju 1-35
(unequal 2.) 55 Q
(1] + smaller terms
3 " " Tre i j i j "
magic average HSS ¢I+I_+I I+<<H 3 I-38
angle re.onant - 5
rotating crossing
sample
“average” OUSZSIMQ 1-37
non-resonant + smaller terms




sample rotation also causes an averaging of the higher order spin dif-
fusion terms and probably reduces them by less than an order of magnitude.
A recent experiment by Schajor et al. (70) seems to indicate that
the higher order spin diffusion does take place in the non-rotating solid.
While the situation in magic angle rotating solids is not completely
explained, it is clear that further experiments performed first on
stationary single crystals are necessary to clarify the physics. Major
problems remaining to be resolved are 1) full calculation of all the
higher order terms and 2) analysis of the effect of even a few percent
remaining protons whose dipolar "bath" may still affect the spin-1
deuterium system (71). In the following paragraphs, experimental results

are shown to demonstrate some major points of the theory given above.

4. Experimental Results
Spin-lattice relaxation times were measured by the satura-
tion-recovery sequence. High power (w1/2n = 50 kHz) rf irradiation was
applied for 5-20 msec to saturate the deuterium spin system. The recovery
of Zeeman magnetization was probed after a variable delay with a "90°"
pulse.

In the series of model compounds studied the spin-lattice coupling
was provided by the fast rotation of methyl groups. It has long been
known that the time dependence induced in the quadrupole coupling by
the methyl rotation is an effective relaxation mechanism (1).

A typical saturation-recovery plot for the methyl deuterons in magic
angle rotating p-diethylterephthalate is shown in Figure 4l. The re-
covery 1s exponential within measuring error and does not depend on

rotor frequency as expected. The Tl's for methyl deuterons in several
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Fipure 41
Deuterium magnetization saturation-recovery graph for methyl
deuterons in magic angle rotating p-diethylterephthalate. The

recovery is single-exponential and does not depend on rotor frequency.
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per-deuterated model compounds are summarized in Table XII. The values
trange from .01 to 1 second reflecting the distribution of rotational
correlation times, Tc. of the methyl groups in the diiferent crystals.
The methyl rotation in p-dtbb (Table XII) is evidently sterically
hindered leading to a longer T and shorter Tl' The special case of
hexamethylbenzene with C3 and 06 rotations has been studied in detail
previously (72). The methyl T1 does not depend on the presence of pro-
tons and indicates that it has a single particle relaxation mode at room
temperature depending only in the time dependence of the quadrupole
interaction induced by the C3 rotation. As the results described below
will show, it is also a relatively fast relaxation mode so that a methyl
group acts as a polarization or heat sink for non-methyl deuterons.

In the compounds listed in Tables XII and XIII the non-methyl posi-
tions are all rigid lattice types. Their spin lattice relaxation will
depend on couplings to other nuclei as discussed above. Their Tl values
for per-deuterated solids range from 1 to 28 seconds, reflecting the
differences in those internuclear couplings from crystal to crystal.

The internuclear coupling is dipolar and thus depends on the distance

as r‘a. The cross relaxation rate then should be a function of r_6.
Assuming that the differences in methyl Tl's in Table XII are inconse-
quential, one might expect a correlation of the rigid lattice positions’
Tl with inter- and intramolecular crystal distance to the methyl group.
The data in Table XII does not show such a correlation. For example,
calculation based on X-ray data (73) shows that one phern+l deuteron in
p-det has one closest neighbor methyl at 4.25 ;, while in p-~dimethoxy-
benzene the analogous phenyl deuteron has close methyl neighbors at
2,57, 3.40, 3.46, 3,61 Z. and several more at the 4-5 Z range. Further-

more, the phenyl-methyl and phenyl-methylene deuteron distances in p-det
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TABLF XII1: Deuterium spin-lattice relaxation times (Tl) in per-deuterated magic angle

Compound

p~det

DBCDZCOZC®D4COZCDZCD3

p—dmt

D3C02C¢D4COZCD3

p-dimethoxybenzene
D3C0¢DQOCD3

p-dtbb
(CD3) 3¢Da (CD3) 3

1,8~dimethylnaphthalene

hexamethylbenzene

rotating solids (seconds).

Deuteration

see TABLE VIII 1)

see TABLE IX 2)

gee TABLE VII 1)

see TABLE 1X 6)

>972 of all sites

>90% of all sites

methyll

0.14

0.86

0.26

0.010

0.92

0.037

Position
methylene aromaticz
8233 2246
. 28
—_— 6
—_— 7
—_ 1.1

1. uncertainty in methyl T1 < 10% in all cases.

2. uncertainty in aromatic T1<17Z except where noted.

3. non-exponential.

5T



TABLE XIII: Deuterium spin-lattice relaxation times (Tl) in partially deuterated magic angle

rotating solids (seconds).

Compound Deuteration Position
methyl]' methylene aromaticz
(deuteration note)

1) p-dimethoxybenzene see TABLE VII 3) 0.28 —_— 3.0
(all positions partially deuterated)

2) p-dimethoxybenzene see TABLE VII &) 0.28 -_— 3.3
(all positions partially deuterated)

3) hexamethyibenzene 25Z random 0.086 —_ _—

(25% random all positions)

4) p-diethylterephthalate see TABLE VIII 3) 0.13 —_— 3.0
(methylene protonated)

5) p-diethyltetephthalate sew TABLE VIII 4) 0.11 0.45:0.05°
(aromatic protonated)

6) p-diethylterephthalate perdeuterated _ infinity infinity
(metlyl protonatz=d) (except methyl protonated)

+

7) p-direthoxybenzene see TABLE VII 5) —_— _ 399212
(methyl protonated)

8) p-dimethylterephthalate perdeuterated —_— _ 640180
(methyl protonated) (except methyl protonated)

1. uncertainty in methyl '1‘1 < 10%Z in all cases.

» uncertainty in aromatic T, < 10% except where noted.
3. exponential within measuring error.

[A 29
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are 4.25 and 2.80 ; respectively. In both the above cases the correla-
tion of distance and rigid lattice Tl is in the correct direction, but
is very weak. Also, the shortest aromatic-methyl distance in 1,8-
dimethylnaphthalene is about 3.1 ;, yet the aromatic Tl is unusually
small. Since the methylene magnetization recovery‘was strongly non-
exponential in p-det, then either multiple cross relaxation rates
between sites or multiple spin diffusion mechanisms would be predicted.
To distinguish between first order spin diffusion via quadrupole
crossing in the rotating sample and spin diffusion via higher order
coupling, the powder pattern spectra of per-deuterated p-dimethoxy-
benzene powder are shown in Figure 42. On the left is the spectrum
obtained in the stationary powder by‘the pulsed echo method. On the
right is the spectrum in the magic angle rotating powder obtained by
Fourier transformation of the rotational echo, all other factors being
equal. The latter spectrum is similar to Figure 15 and the correspond-

1

apparently smaller in tha rotating powder since some aromatic signal is

ing Tl‘s were given in Table XII. The T, of aromatic deuterons is

available. This suggests that the first order "crossing" mechanism is
dominant, however, the difficulty of measuring broad powder patterns
with "weak” rf pulses (see Ch. ITIC) makes this result inconclusive.

The deuterium spin~lattice relaxation times in partially deuterated
rotating solids are summarized in Table XIII. Except for hexamethyl-
benzene, the mechyl Tl's are the same as in the perdeuterated compounds.
When the methyl groups are not deuterated, the T1 of rigid lattice posi-
tions becomes very long. For example, the magnetization recovery of
aromatic deuterons in p-dimethylterephthalate, shown in Figure 43,

becomes very slow when the methyl groups are protonated.
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Flgure 42

Quadrupole powder pattern spectra of per-deuterated
p-dimethoxybenzene. Left: Spe.“vum obtained from the stationary
powder by the pulsed echo method. Right: Spectrum obtained from
the magic angle rotating powder from the rotational echo Fourier
transform, all other factors being equal. Singular peaks of the

powder pattern for aromatic deuterons are evident.
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Deuterium magnetization saturation-recovery graph for aromatic
resonance in p-dimethylterephthalate with magic angle rotation at
1 kBz. The aromatic group Tl increases dramatically when the methyl
group deuterons are replaced by protons.
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It is also clear from the data in Table XIII that the presence of
many 1H nucled strongly affects the Ti of rigid lattice deuterons,
reducing them substantially. Also, the recovery of methylene magneti-
zation in p-det becomes single exponential. The proton dipolar bath is

certainly coupled to the deuterium system, however, both the 1H- 1H and

1H- 2H dipolar couplings may be of the same order of magnitude as the
sample rotation frequency and the physics of the problem becomes more
complex. As was pointed out in the description of cross polarization
in rotating samples, the sample rot;tion is known to strongly affect the
temperature of a dipole reservoir (64).

In conclusion, the spin-lattice relaxation behavior in the spin-1l
deuterium system in rotating solids has been Investigated. The sample
rotation strongly modulates the nuclear couplings involved. The ability
to obtain resolved chemical shift wpectra makes possible the measurement
of site selective Tl's. A more complete understanding of the relaxation
should be gained by measurements made first on stationary single crystals

where the many nuclear couplings are more easily unraveled. Such studies

are currently being undertaken.
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IV. HIGH RESOLUTION PROTON NMR OF SOLIDS

A, Introduction

Measurement of high resolution NMR spectra of hydrogen in solids
has long been difficult due to its large homonuclear dipole-dipole
broadening. Magic angle sample rotation has made the observation of
high resolution spectra of many other spin-% nuclides routine, e.g.,

130, 31P. Since these nuclides are naturally isotopically dilute, their
homonuclear dipolar broadening is small and 1s readily spun away.
However, this is not the case for protons in solids. In the previous
chapter the measurement of isotropic chemical shift spectra of deuterium
in solids was demonstrated. This may be considered as an alternative to
the direct observation of hydrogen.

There are a large number of cases where the proton homonuclear dipole
broadening, Hgs, is largely reduced due to rapid internal molecular
motions. Also, in many systems hydrogen is found to be spatially dilute,
often occurring singly, in pairs, or in small clusters. This situation
often occurs in inorganic materials. In these situations, magic angle
rotation can often be applied to remove Hgs. In the general case, Hgs
can be made under the control of the experimenter by isotopic dilution
of lH with 2H. In Chapter 1 the average Hamiltonian theory was applied
to the case of hydrogen diluted in a deuterated solid under magic angle
rotation. In the following paragraphs, experimental results are

demonstrated.
B. Partially Reduced Hgs for Hydrogen

When the homogeneous dipolar broadening is large in frequency
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compared to the sample rotation, the resonance line i1s not much affected
by maglc angle rotation (74). Spinning sidebands do not begin to appear
until w, becomes a substantial fraction of (Amz)ks. For example, in '
Figure 44 is shown the proton spectrum of 49% randomly deuterated hexa-
methylbenzene with magic angle rotation at 3.2 kHz. The stationary proton
resonance has a full width at half intensity of 8 kHz. Sidebands have
appeared even at this rotation frequency and the center band has a width
of 1.4 ppm. The susceptibility broadening for this compound was shown

in Chapter III to be 0.8 ppm, thus a residual dipolar broadening of the
center band of 0.6 ppm = 0.22 kHz is indicated.

A further illustrative example 1s shown in Figure 45, the spectra of
307 randomly deuterated adamantane with magic angle rotation at 4.1 kHz.
This sample was partially deuterated to compare proton and deuterium
results. Adamantane is a plastic crystal and ivs molecules are under-
going rapld isotropic reoriemtation. Thus the homogeneous proton dipolar
broadening results only from a residual intermolecular coupling and was
about 10 kHz full width at half intensity. The proton resonance line-
width in Figure 45 is 2.0 ppm. Although a susceptibility broadening of
0.5 to 0.8 ppm for 13C under magic angle rotation has been reported (53),
the deuteron resonance in Figure 45 is 0.3 ppm in width. Assuming this
value may be taken as the susceptibility broadening, a residual proton
homonuclear dipole broadening of 2.0 - 0.3 = 1.7 ppm is indicated.

The residual proton dipolar broadening of the center band under magic
angle rotation is much larger for adamantane than for hexamethylbenzene
even though the conditions are comparable. A probable explanation for
this fact is ths: the proton dipolar coupling in hexamethylbenzene has

a uore "inhomogeneous" character than that of adamantane. The most
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Figure 44
Proton spectrum of {97 randomly deuterated hexametiuylbenzene

with magic angle rotation at 3.2 kHz. Full width at half intensity
of the center band is 1.4 ppm and is due mainly to susceptibility

broadening.
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Figute 45
Proton and deuterium resonances of 30% randomly deuterated

adamantane with magic angle rotation at 4 kHz.
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probable group in the 49%Z-deuterated hmb is -CHZD, thus each proton has
one nearest neighbor proton. The coupling of a pair >f spins-% gives a
Pake doublet (75) and the Hamiltonian for such a coupling; is nearly
completely inhomogeneous (12) and thus can be removed by slow magic angle
rotation. In the present case the methyl groups in hmb are not well
isolated, however, the criterion for fast sample rotation may be reduced.

The reduct.on of the static proton Hgs by molecula motion and semi-
isolation of the proton spins should allow the stuly of many macromolec-
ular systems by msgic angle rotation. For example, the isotropic
chemical shift spectrum of normal Delrin (Du Pont) polymer is shown in
Figure 46. Delrin is a strong polymer used to construct the magic angle
rotors. The spectra of Figure 46a, b, and ¢ were of one particular
commercial lot. As many as siX resonances are detected in the isotropic
spectrum and there is clearly a =ignificant difference in the material
from the two commercial lots. The chemical shift scale is referenced
arbitrarily. Not shown in Figure 46 are the *1 spinning sidebands which
are each 25% of the intersity o” the center band. The *2 spinning side-
bands were barely visible.

The appearance of many resonances in Figure 46 is remarkable since
the monomer is —CHZO- and would be expected at first to have a single
isotropic shift. However, it is well-known that such polymers contain
small percentages of water and the commercial grade material probably
contains small amounts of other corpounds for commercial purposes. The
non-spinning spectrum shows a broad resonance some 30-40 kHz in width
having subtle inflections which may indicate overlapping resonances from
the amorphous and crystalline regions of the polymer. There was also a

narrow line superposed at the center.
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DELRIN ~+CH204,

a b

Figure 46
Proton 1sotropic chemical shift spectra of Delrin (DuPont) polymer.

Figures a, b, and ¢ were of one particular cammercial lot while spectrum
d was of another particular lot showing substantial differences. Spinning
frequencies were a = 2.8 kHz, ¢ = 4.2 kHz, and b = 5.1 kHz. Broad
resonances probably result from the bulk monomer, -CHZO-, while other

resorances are probably due to water and commercial additives.



In Figure 46 the frequencies of sample rotation for spectra a, c,
and b were 2.8, 4,2, and 5.1 kHz respectively. The intensity of the
broad resonance increased approximately in proportion to the rotation
frequency. The narrow resonance remained about the same at different
rotation frequencies and was visible even with a few hundred Hertz
rotation. These facts suggest that the narrow resonances are due to
water and other conmmercial additives which have a very small static Hgs
due to a high degree of molecular reorientation. The appearance of only
the *1 spinning sidebands with sipgnificant intensity indicates that the
static Hgs of the resonance from the bulk was mostly homogeneous. The
broad resonance must be due to the bulk polymer and a possible explana-
tion for the increase of intensity with w, is twofold. First, the
amorphous regions should have a reduced static Hgs with a wide distribu-
tion of correlation times for molecular motion. The narrowing by magic
angle rotation is very efficient when w, exceeds the motional correlation
time. Thus as w_ increases, it surpasses the correlation time of an
increasing fraction of the amorphous region (14). Second, the pair of
protons in the monomer may be semi-isolated and have a more inhomogeneous
dipolar character. The centerband intensity would then tend to increase
with w . Further study is required to distinguish the amorphous and
crystalline regions of the polymer.

The results describad above indicate that magic angle rotation can
obtain useful results for hydrogen in solids when the static proton di-
polar coupling is reduced. Extensive applications should also be pos-
sible in many inorganic systems. Multinuclear studies, e.g., correlation
of the lﬂ results with 130 results, and heteronuclear double resonance

studies should also be fruitful.



C. Observation of Dilute Spins in Solids

1. Introduction

Recent advances in NMR multiple pulse line marrowing have
provided measurement of proton chemical shift tensors in solids (2).
Similarly, the approach of Pines, Vega, and Mehring to obtain proton
chemical shift powder patterns by isotopic dilution of protons in a
deuterated solid with deuterium double quantum decoupling has been suc-—
cessful (22). However, the overlapping of powder patterns of chemically
or crystallographically distinct sites is a serious linitation. Combina-
tion of multiple pulse methods with magic angle sample rotation has
demonstrated a solution by observation of only the isotropic chemical
shift (14,76). Unfortunately, the relatively small size of proton iso-
tropic shifts has limited the resolution obtainable since the residual
proton homonuclear dipole linewidth is substantial. Recent work has
shown significant improvement in this situation by use of high magnetic
fields to incresse the absolute magnitude of the chemical shift (77).
An alternative atproach, as shown in Chapter III, has been to obtain
isotropic chemiczl shift spectra of deuterium in solids. Quadrupole
and dipole broadening are removed by precise magic angle spimning
combined with rotation synchronized data acquisition and nmarrow single
and double quantum resonances were observed.

In this section, high resolution proton NMR in solids is demonstrated
for the general case by isotopic dilution of protons in a deuterated
solid combined with magic angle spinning (78). Isotropic chemical shift
spectra are obtained with greater resolution than all other methods to
date. The technical difficulties of multiple rf pulse sequences and

synchronous data acquisition are removed and heteronuclear rf decoupling
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is not required. As described in Chapter I this 1s accomplished by
removal of the proton homonuclear dipole coupling Hgs and heteronuclear
dipole coupling H?S' Dilution of the proton spins (5) reduces Hgs to a

very small value. Then in the absence of the homonuclear dipole coupling

HEI of the abundant spins (I}, H?s is inhomogeneous and can be spun away
at the magic angle. A striking demonstration of this fact is the retrie-

val of 1H—HCJ couplings in 13C—MAS spectra by off resonance proton

decoupling (79). For denterium, the small gyromagnetic ratio and large
quadrupole couplings cause H?I to be inhomogeneous, i.e., the 2H— 2H
dipole flip-flop terms are quenched, as shown in Chapter III. Thus

[HD HDS] = 0 at almost all times and magic angle spinning alone suffices

11’1
to remove the effects of both even when the spinner frequency
D D
r < Oppeds 2.
Experiments described in this section were performed at mo/2n(1H) =

w_ <

361 MHz. For observation of dilute protons, a single 7/2 pulse was
applied followed by normal data acquisition. Spectrz were taken at room

temperature.

2. High Resolution Results

In Figure 47 is shown the isotropic proton spectrum of 98.8%
deuterated p-di-tert-butylbenzene powder rotated about the magic axis at
3677 * 4 Hz. The 1H concentration in this sample was 1.2% of the total
number of deuterons and protons. The intense line is assigned to the
methyl groups with FWHM = 0.53 ppm and is arbitrarily assig:»d as the
isotropic shift reference. The smaller resonance 6.6 ppm downfield is
due to the ring protons with FWHM = 0.45 ppm. The -1 spinning sideband

of the methyl line also appears at 10.2 ppm. Total accumulatior time

was 3.7 minutes.
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Figure 47

Isotropic chemical shift spectrum of 1.2% protons in 98.8%
deuterated p-di-tert-butylbenzene solid powder. Fourier transform
of fid obtained by magic angle spinning at v, = 3.7 kHz with a single
proton T/2 pulse followed by normal data acjuisition and without rf
decoupling. Peak at 0 ppm is assigned to methyl groups and resonance
at 6.6 ppm 1s due to ring protons. The -1 spinning sideband of

methyl resonance appears at 10.2 ppm.




This preliminary result indicates the reasonable requirements of the
experiment. The sensitivity for dilute protons 1s good. Since sample
rotation frequencies up to 6 kHz are available, then for an isotropic
shift range of 15 ppm at 361 MHz the spinning sidebands would always fall

outside the isotropic spectrum. At high spinner frequency the resonance

line intensity is useful, i.e., it is proportional to the number of nuclei.

In Figure 48 is shown the proton chemical shift spectrum of 98.7%
deuterated diethyl terephthalate powder with v, = 3509 = 5 Hz., The 1H
concentration was 1.3% of the total number of deuterons and protons.

The isotropic deuterium spectrum from Figure 30 of the same sample is
shown for couwparison. Methyl resonances in both spectra are used as the
shift veferencc. Resoninces in the proton spectrum are assigned from up
to downfield to the methyl, methylene, and aromatic protons with FWHM
0.61, 0,57, and 0.98 ppm, respectively. The *1 spinning sidebands of
each are also shown. Sample weight was 0.1 g ard total accumulation
time 3 minutes. The splitting of 0.40 ppm in the aromatic peak is
attributed to overlapping resonances of the 2,5 and 3,6 ring positions
which are crystallographically inequivaleant. Thus the individual reson-
ances have equal widths of 0.6 ppm. The downfield second order quadru-
pole shift of the methylene and aromatic resonances in the deuterium
spectrum are clearly evident when compared to the proton spectrum. The
proton resonances reflect only the isotropic chemical shift.

The presence of spinning sidebands indicates that wy is smaller than
the width of 1H- zH dipolar broadening or the proton chemical shift
anisotropy, i.e., that W is in the slow-spinning regime with respect to
those couplings. Application of deuterium double guantum decoupling

should remove H?s and therefore reduce the spinning sidebands. This is
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Figure 48

Isotropic high resolution proton and deuterium spectra of poly-
crystalline 98.7% deuterated p-diethylterephthalate. Resonances are
assigned from up— to downfield to the methyl, methylene. and aromatic
groups with the methyl resonances arbitrarily set at O ppm. Doublet in
aromatic resousnce is seen in both cases. Downfield second order guad-
rupole shift of the deuterium methylene and aromatic resonances is

evident. Full width at half intensity of the proton resonances is

0.6 ppm.



demonstrated in Figure 49, the proton spectrum identical to Figure 48,
with on~resonance deuterium rf irradiation. The spinning sidebands are
removed, however, the resonances are slightly broadened. Thg decoupling
is not completely efficient due to 1) small deuterium resonance offsets
due to chemical shifts at high magnetic field and 2) similar orders of
magnitude of the double quantum decoupling frequency, 1/tC (dq-decouple) =

mf/Zﬂm , and the spinning frequency, W, In accordance with the average

Q
Hamiltonian theory, these latter two time scales must be well separated
in order chat they each perform an averaging of H?s independently. Since
spinning sidebands do not vsuvally pose a problem for the magic angle
proton spectra, deuterium deccupling is not in gemeral necessary. The
complete disappearance of the sidebands upon decoupling indicates that
the 1H— ZF dipolar broadening is much iarger than the chemical shift
anisotropy broadening and that W, is large enough to reduce the chemical
shift to its isotropic value with no sidebands.

A stringent test of resolution in solid state proton NMR is démon-
strated in Figure 50, the isotropic spectrum of 937 deuterated lauric
acid in polycrystalline form. The solution spectrum of the same mater-
ial is shown in the inset (the carboxylic acid resonance further down-
field is not shoun in the inset). A reduced spinning frequency of
2248 * 6 Hz was used to illustrate the spinning sidebands at about 7,

-5 ppm and the methyl peak (a) is used as internal reference. At this
level of deuteration there are about 1.7 hydrogen nuclei per molecule on
the average. The: distribution of hydrozen nuclei is expected to be
random over the wmolecular sites and mass spec analysis confirm: the

average level of deuteration stated above and shows a small fraction of

molecules having from two to a few hydrogen. The striking features in
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Figure 49

Isotropic proton spectrum of 98.77% deuterated p-diethylterephthalate
identical to Figure 48 except with deuterium rf decoupling applied.
Absence of spinning sidebands indicates that the IH-ZH dipolar coupling
is larger than the rotation freguency and that the latter is equal to
or larger than the proton chemical shift anisotropy. The deuterium

decoupling leaves a small residual dipolar broadening.
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Figure 50

Isotropic high resolution proton spectrum of polycrystalline
93% deuterated lauric acid. The solution spectrum of the same
material is shown in the inset {carboxylic acid solution resonance
not shown). The rotation frequency ~f{ 2.25 kHz or 6.2 ppm illustrates
the spinning sidebands at abouv ? and -5 ppm. Methyl resonances are
assigned to O ppm. Large differences between the solution phase and
solid state isotropic chemical shifts are evident.
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Figure 50 which are discussed in the following sections, are the iarge
differences between solution and solid state chemical shifts and the
resolutio.: of possibly three distinct methylene (b) positions which are

equivalent in the solution phase.

3. Resolution

The resonance linewidths of the isotropic proton spectra are
determined by two main contributions. First, the residual susceptibility
broadening of the rotated powder sample was discussed and demonstrated in
Chapter 1II. Secondly, since it is not expected that w_ can exceed
(sz)?s there may be a residual lﬂ- ZH dipolar contribution resulting
from the failure of H?I(ZH- 2H) to commute with H?S(IH- 2H) at all times
as was mentioned previously. Furthermore, any residual Hgs(lﬂ- 1H) does

not commute with HD and unless the protons are extremely diulte, e.g.,

1S
less than 1%, this will also contribute a residual dipolar broadening.

The linewidths of all resonances within a particular compound, with
the possible exception of the acid position in lauric acid, were found
to be equal. Th's is expected since the susceptibility contribution is
the same for all sites and the distribution of 1H with respect to ZH
produces about the same 1H- ZH dipolar couplings for each site.

The resonance linevidths for p-diethylterephthalate, p-di-t-butyl-
benzene, and lauric acid were 0.6, 0.6, and 0.3 ppm respectively. The
susceptibility contributions from Chapter III for the first two compounds
were 0.4 to 0.7 ppm and G.3 * 0.1 ppm respectively. These values sug-
geet that the residual linewidth is due almost entirely to the suscep-
tibility contribution.

Two further possible broadening mechanisms also exist. TFirst, the

1H- ZH dipolar coupling is not completely removed by magic angie votation
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due to the influence of the deuterium quadrupole coupling as was

13

described in Chapter I, While this effect has been observed for ~“C and

31? bonded to other quadrupolar nuclei, its effect should be negligible

for IH- 2H due to the relatively high ratio of the deuterium Zeeman to
quadrupole couplings. Second, the dipolar coupling even of a pair of
like spins does not vanish under magic angle rotation xhen the chemical
shift tensors of the spins do not have the frame orientation in the
erystal frame of reference. The residual roadening goes as wDAa/wr
and was demonstrated for a bonded 130- 130 pair (12). This effect
should be less than 0.1 ppm in the present case due to a small oy, for

dilute protons and the relative smallness of the differences in chemical

shifts for coupled protoms.

4. Isotropic Chemical Shifts
In this section isotropic proton chemical shifts are reported

and discussed in light of the solution and corresponding deuterium solid
state shifts. The uncertainty in reported solid state shifts is taken
as 0.1 ppm for 1H and %0.2 ppm for 2H, except where noted. In Chapter
III it was noted and discussed that there were significant differences
between solicd and solution phase isotropic shifts. For the solid values
reported below, a methyl resonance of the spectrum was used as internal
standard. Thus the solid and liquid values are not truly referenced to
the same quantity, hrwever, any difference in methyl group shift between
solid and solution phase is expected to be small.

In most cases a significant difference between solid and solution
phase shifts was found. For example, the aromatic resonance shitc in

p-di-t-butylberzene was found to be 6.6 ppm in the solid as compared to



5.36 ppm in solution. A complete comparison of solid and liquid shifts
is summarized in Tables XIV-XVI. The differences in solid vs solution
walues range from 0.3 ppm (solid upfield) to -2.6 ppm (solid downfield).
The remarkable differences for lauric acid, shown in Table XIV, are as
yet unexplained by any single major factor. The molecules ar¢ expected
to dimerize in the crystal (B2), forming the usual eight-membered hydro-
gen bonded dicarboxyclic acid ring. A "ring current” shift effect from
such a system has not been reported in the literature {83). Such an
effect would give an anisotropic diamagnetic sus~eptibility to the
crystal and a broadening of the resonances as was measured for crystals
containing aromatic rings. Since the resonances were also remarkably
narrow, this would seem to be an unlikely explana:ion. This interesting
case deserves further study.

A comparison of isotropic chemical shifts for p-diethylterephthalate
is shown in Table XV. The solid state shifts for 1H and ZH agree within
their combined uncertainty and the splitting of the aromatic resonance
due to rigid molecular conformation is seen in both cases. The values
of the downfield second order quadrupole shift for 2H taken directly
from Figure 48 agree with the theoretical values reported in Chapter III;
experimental second order shifts for the methylene and aromatic reson-
ances were 0.41 and 0.B0 ppm respectively while the theoreticdl values
were 0.55 and 0.73 ppm respectively. The good agreement here between
1H and 2H chemical shifts and in the further data below strongly indi-

« *es that any isotope effect in the solid state is negligible. This
fact has been reported in the literature (84) and the precision of the
data presented here is an order of magnitude greater than previous

comparisons of 1HIZH solid state chemical shifts.
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TABLE XIV: Proton chemical shifts for lauric acid (ppm).

Position’ Sadeler’ Aldrich’ solution’ solid’
methyl (a) 0 0 [s] 0
nethylene (b) 0.40 0.38 0.42 i’:g
g-methylene (c) 0.71 0.91 0.75 2.2
a-methylene (d) 1.44 1.47 1.41 4.0
carboxylic (e) 10.0i — 11.32 11.8

1. See Figure 50. Methyl resonance used as internal reference.
2. Reference (80).

3. Reference (81).

4. 93%-deutero iawric acid in CDC13.

5. Neat powder 93%-~deutero lauric acid.



TABLE XV: Isotropic chemical shifis for p-diethylterephthalate (ppm).

Politionl .olutionz dilute-mas zn-n.u
(solid) (s0114d)
18 1!! ZH
methylene 2.97 2.4 2.3
5.3 5.6
arosatic 6.71
5.7 6.0

1. Methyl resonance used as internal reference.

2, In CDC].3¢
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TABLE XV1: Isotropic chemical shifts for 4,4'-dimethylbenzophenone

{ppr. .
Positiunl S.dtlerz -p-mas3 dilute-mas zH—nas
(solution) (so0lid) (solid) (solid)
lﬂ 1H 1H 2H
center of
4
aromatic 5.06 4.9 5.6 5.3
resonances
sromatic 0.44¢ 1.4 1.5 1.6
splitting

1. Methyl resonance used as internal reference.
2. Reference (Bl).

3. Reference (76).  Obtained on fully protonated compound by
combined multiple pulse and wmagic angle spinning.

4. Lineshape distorted.
5. Doublet with 1.0 ppm splitting observed for methyl resomance;
center of doublet used as internal reference.

6. Difference between ortho and meta shifts.



A comparison of isotropic chemical shifts for 4,4'-dimethylbenzo-
phenone is shown in Table XVI. Shifts obtained by combined multipie
pulse lire narrowing and magic angle rotation (76) are also given. The
solid sad solution phase shifts are pearly the same in this case.
However, in the solution the four ortho ring posivions are equivalent
as are the four meta ring positions due to free rotation about single
bonds. In the solid, two aromatic resonances with approximately 3 to 1
intensity ratio were observed for both 1H and 2H ({see Fig. 32). An
explanation for this splitting, given by Ryan et al. (76), is that the
splay of the aromatic rings in the solid places two of the ortho posi-
tions above and near the aromatic rings so that they experience a 1.5
ppm downfield shift relative to the other six ring positions. This
situation agrees with the results presented here. However, the
4,4"'-methyl groups are noi necessarily magnetically equivalent (85) and
a 1.0 ppm split doublet was observed for the methyl resonance in the
deuterium spectrum. Such a splitting was not reported in Reference 76,
but the methyl resonance there was broader than the aromatic resonances
which suggests the poseibility of unresolved shifts. Unfortunately, the
spectrum obtained here for dilute protons was distorted due to a tech-

nical problem and the methyl resonance lineshape was not reliable.

5. Discussion

a. Comparison of High Resolution Methuds
In this section a brief comparison of methods to obtain
1H/ZH chemical shift information is made. There are three approaches to
obtain the full chemical shift tensor. First, multiple pulse lii.e nar-

rowing sequences can be applied to fully protonated materials. In the
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general case of large proton homonuclear dipolar coupling the residual
dipolar broadening is substantial and limits the precisior of measurement
of the tensor components. Second, dilute protons in a deuterated solid
may be observed with deuterium double quantum decoupling. Very well de-
fined powder patterns may be obtained. For semi-dilute protons a third
approach combines multiple pulse and deuterium decoupling methods., This
has not been demonstrated in the literature to date and is limited by
the ability to produce largely different ¢ycle times, tc, for the two
methods simultaneously. All the above methods are limited for powder or
amorphous samples to systems with one distinct site by the overlapping
of powder patterns for multicomponent systems.

Thus it is useful to reduce the chemical shift tensor to its iso-
tropic average and attempt to resolve all distinct sites. This is done
by magic angle sample spinning. There are four general approaches to
obtain the isotropic spectrum; 1) observation of 1H with combined
multiple pulse and magic angle spinning on fully protonated solids, 2)
observation of single gquantum 2H spectra with magic angle spinning,

3) observation of double guantum 2H spectra with magic angle spinning,
and 4) observation of dilute 1H by magic angle spinning. Since the
IP/ZH isotropic shift range is some 15 ppm for most systems it is cru-
cial to obtain the narrowest resonances possible.

The first method, multiple pulse magic angle rotation, has am
advantage in not requiring the use of isotopic substitutiom, but has
several technical and theoretical drawbacks. It requires high power,
fast response rf sample probe designs and careful control and production
of the rf pulse sequences. Aside from susceptibility effects which are

common to all experiments, the —esolution i1s determined by a) scaling
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down of the chemical shift by a factor of 3-8, b) nnresolved 1E-IH J
couplings, and c) the residual proton dipolar broadening. Resonance
linewidths in typical organic molecular solids such as those studied in
this work are 1-2? ppm with respect to the reduced chemical shift scale
in the best case and several ppm when the most advanced technology 1is
not available. The residual vroadening is mainly dipolar and is largely
independent of magnetic field strength, but its relatively large magni-~
tude makes use of a high magnetic field necessary to increase resolution.
The second and third methods involve observation of single and
double quantum deuterium resonances and were.denonstrated in detail in
Chapter III, Aside from magic angle rotation which is common to all the
isotropic methods, the tochnical requirements here are modest. Typical
linewidths are in the range 0.7 to 1.4 ppm for low lev:is of deuteration

at B, = 42 kG and as much as 0.5 ppm less at higher field strengths.

1]
The observation of dilute protons affords the highest resolution and
technological ease. Results demonstrated above indicate that linewidths
of 0.3 to 0.6 ppm can be expected at 85 kG. This is due mainly to

susceptibility broadening and thus the resclution has a reduced depen-

dence on magnetic field strength,

b. Conclusion

The results demonstrated in this chapter offer high re-
solution protcen NMR of solids with resolution limited almost entirely by
susceptibility broadening. While the effects of the latter may be re-
duced by the use of single crystal samples, the practical utility of such
an approach is very limited in scope and it is simply not possible for a
wide variety of heterogeneous or noncrystalline solids. From an overall
viewpoint, therefore, the limit of isctropic high resolution NMR of

hydrogen/deuterium in the solid state has been attained.



Appendix A: Average Hamiltonian and Quadrupole Effects for

Sping S = 1

In this section the average Hamiltonian calculation for dipclar
coupled spins I=l under magic angle rotation ia given. Since the
chemical shift and J couplings are expected to be eimply averaged
to their isotropic values, they are excluded from the equations for

simplicity. The relevant Hamiltonian for a pair of spins I=1 is

J('-JTZ+J('Q+J(‘ES+J(]I)S

= sz + x:l.nt‘. A-1

The zeroth order average due to the Zeeman interaction is

7O n o+ 4D -
I HQ HSS + HIS A-2

which contains only the "secular" terms

2
By = 3, 298 (3cos8-1) (38 - 5°9)
1(21-1) v

1.2 -3 2 1.3 i,.3
= = =h - - .
3 Yo.r s(acos OsS 1)(35080 2 ,§’ )

Hsg s"s
B = by v.ri2(3c0s20, ~1)8,1 A-3
1s I'S' IS 18 070

Since HQ is by far the largest term, it may be considered alone for

its effect on spectral lineshape and frequency. The first order
correction from the Zeeman averaging is in the form of Eq. I-28.

The time dependent terms are
124 t 2
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A_z - sinzB ez A-5

From Eq. I-28 there will be twenty terms to integrate. Using the

expressions
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-1w 21r/m0 ty *inw t
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the result is

A
=0 _ _ % 1
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+34 s .5 .1} a-7
-2t Sp25.2

where the S are the spin operator terms from Eq. A-4. The
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completed result is given in Reference 12 by evaluation of the

commutators ia ¥y. A-7 and diagonalizing the resulting J—((l).
As mentioned in Ch. I, the small quadrupole coupling and

relatively high ratio of IZIJCQ allows use of the standard time

independent perturbation theory. The second order term is (86)

[

Y9 (@ + 2co80 - 3c0s%0) A8

1)

o=

w-wo-

[~

for the non-spinning case where @ is the angle between-vzz and

Z(LAB). The analytic solution gives the lineshape function

1/2 -1/2 -1/2
L(x) = {4/9 -x]  +1/3} [4/9 - x] A-9

where the * refers to the two deuterium single quantum
g &y
transitions, x = 373 ,» and the domain of x is given by
w,

Q

I, (% 0<x24/9

I (x) :1/33xZ24/9 A-10

This lineshape is depicted in Fig. 7a. Under magic ragle rotation

the result is
- wy = 4/3C -+ (1/3C)(L/2 + 3eos?8' - 7/2c0s*B")

X =647 Hhw ~ /30

L = {ax + 1674902 + 302 [x 4 167402
I, (x) :02x2-18/49
I (%) : -1/72x2 =16/49 A1l
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vhere C = %— wg/wo. This lineshape is depicted in Fig. 7b. The
broadening and shift given in Ch. 1 are taken from the singular
peaks of the lineshape in Fig. 7b.

For magic angle rotation alightly off the magic axis the first
and second perturbotion theor,; terms may be added together to calcu-

1late the lineshape. As d trated in Ch. III, these terms can be

made negligible and good resolution obtained at the magic angle. A
complete calculation of the combined first and second order terms has
been performed, however, the cumbersome details will not be given.

For instance, the lineshape function has the form

16 = {2x + Da) Y2 - w2y 2 (4 4 pPyg) 12

x = %(Am -c:h- csin’s + %Csinl'ﬁ)

A= 3c0526 -1

&
L}
Nér-

Q

lw

2
Q0

[¢]
L}
(Dél—'

D= -;— (A(z%B +C) - 9Csin28 + "—2 cun"s]

E= C(‘é% cosZB - Lg'it:osl‘ﬁ - %) A-12

Exparimental verification of such lineshapes has been found (87)
and similar analytic calculations have been previously performed (B8)
and may have applications “or nuclei with larger J(Q/JCZ and in

electron spin resonance 8p..ctroscopy.
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RUBY
Al,Oy
SINGLE CRYSTAL

(arbitrary orientation)

LMV\/'

MAGIC ANGLE
SPINNING POWDER

wr————r A ‘M“‘v 2 s

——

200 KHZ XBL 821-762¢

Figure 51
Single crystal spectrum asd powder spectrum under magic angle

rotation of 27Al in ruby. Top: Central tramsition and first
satellites of the spin 5/2 27A1 spectrum of a ruby single crystal

lie within spectrometer bandwidth. Bottom: Narrowed central
transition transition and spinning sidebands for magic angle rotation
of polycrystalline ruby.
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For NMR nuclei with half integral lﬁin greater than 1, the
form of the calculation is the same in hoth the average Hamiltonian
and perturbation theory cases. Again, the algebra is cusbersome,
especially 'shen the assymeiry in non-zero, and will not be repeated
here. Multiple pulse line narrowing (23) and magic angle rotatfon
(87, 89) hawve been applied to this case. The basic principles are
the same as outlined in Ch.'s I and III and are demonstrated in
Figure 51, the spectra of 27A1 in ruby. The spin ¥ = 5/2 27A1 nucleus
exhibits a quintet (see Fig. 4) in the single crystal of which only
the inner satellites are seen in Fig. 51. The central transition
and sidebands due to the quadrupole satellites are seen to be
narrowed under magic angle rotation at 3.1 kHz. The central transi-
tion linewidth is reduced from 6.0 kHz to 1.3 kHz. The comments
made in Ch. I with regard to MN and large “’Q also apply to the
prescat case since it is desirable to reduce second order quadrupole
broadening further than that obtained by sample rotation 2loumne.

A further problem encountered in Ch. I is the many higher
order terms in Eq. I~37, 38 involving the dipolar coupling between
spins I = 1,First, it is assumed that any heteronuclear dipolar
coupling, H?S in Eq. A-2, can be removed by r.f. decoupling. The
larger quadrupole coupling inluces a time-dependence in Hgs in the
average Hamiltonian formalis= and a zeroth order average of Hgs
can be calculated. When the quadrupole splitting, QQ, of the
two spins 1, j are¢ equal or equal and opposite, then tc L Zﬂ/wQ
and the zeroth order average of Hgs in the fictitious spin - %

basis is
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oD 0,05 _ 13.13 12,12 , 1z.12 23,23 (23,23
19 185,35, = (S,3Sj +S(8,p) - 8 4155 * S5

or

ii i; (s 12523 + 512523) (s 23512 + 23 12)]

Hgg ' = byylss 5.3+ 5015y 5.3 + 5_1%

A-13

where the zeroth order average is taken first due to Jtz. then HQ' and

b --%hygrgg(:icosz@ss-l). The flip-flops terms represent mutual

ij
single quantum flips of the two deuterons. This is the first order
resonant process mentioned in Ch. III and invoked in the crossing
argument for the rotating sample. It is essentially the same as for
spins § = % and the usual spin temperature theory may be used to
describe the cross relaxation.

Yhen the quadrupole splittings of the two spins i, j are unequal,

it is assumed that w = (m/n)w._, so that an unambiguous and cyclic

Qi 2]
propagator and cycle time may be defined in terms of w i In that
»
case HD W 0.0 vanishes upon integration and HD w2 0.1 must be calculated.

This 1s the higher order process mentioned in Ch. I1I. The relevant

D(Ol)

integral for H contains 80 non-trivial terms; 16 terms

13 13 12 lZ +5 12 12 )(ta)]

involve commutators such as [S (tl) (.8 4505 i 5 gy

etc., and 64 terms involve commutators such as

12 12 23 23 23 23

22 512
LS, 1555 ¥ Sy,15y, 2 (B0 65, 4S50y + 5574y, 47 (8]
-- (5131 131 +5 1:.’1 i::j) . A-l4

This latter term represents 1-3 or double quantunm transicions and
suggests a fundamentally new process; the diffusion of spin mag-

netization in solids by multiple quantywm transitions (90). To calculate
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H];S(D'l), the form is

99,1 = (n/n)mq'j
P =m

t - -’op1‘r/3mQ A-15

and a non-zero spatial integral for the term in Eq. A-14 becomes

i3, 4 6p1r/3mQ

t
9,1 i 2 g a4,
P J‘o dt, J’o sin} (3/2) Q,i(n -l)tzl
X cosl (3/2)u, 1(5 )e] dey
- W, twy )T . A-16
Q,1 Q.3
When wQ i approaches wQ 3 then the integral of Eq. A-16, for terms

Jepending on (wQ 'S wQ j)-l’ tends to infinity. This corresponds

L] »
to ever larger values of p and tc and the first order process
becomes resonant. The result is that

oL 2 _
HSS wSS/(wQ,i + wQ.j) A-17

where Weg 1s the magnitude of the dipolar coupliug,
In conclusion, this result suggests that spin dif<usion by

double quantum fl1ips can occur between dipolar coupled spins with



S = 1 even when uQ 1 ¥ “Q ' Further work is necessary to measure
> »
the cross relaxation rate under that condition in a crystal. Also,
the first order average Hamiltonian with respect to the Zeemsn
representation, Egs(l'o), vas neglected. This correction is of
/
order QOSS' wy and may be iwmportant when Wgg is relatively

large. Finally, the reduced first order single quantum spin diffusion

rate in the rotating sample could be calculated by numerical methods

based on the modr:l presented in Ch. III.
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Appendix B:

High Speed Turbipe NMR Probe with Tachometer

and Spectrometer Synchronization Interface.
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Pulse programmer tachometer interface.
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Appendix C: Pulse Programs
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