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Proton-enhanced deuterium NMR spectra have been obtained 1n rotating solids with substantial gain in sensitivity. Cross
polarization from proton to deuterium systems occurs via effective field mutual single-quantum flip—flops. Sample rotation
modulates the deuterium quadrupole couphng which leads to complex dynamics and broad Hartmann—Hahn matching con-

ditions

1. Introduction

The use of magic angle sample spinmng to produce
high-resolution deuterium NMR 1n solids has recently
been demonstrated [1—4]. However, the relatively low
sensitivity of deuterium requires a high degree of 1so-
topic substitution 1n materals to be studied. Proton-
enhanced nuclear induction spectroscopy 1s a power-
ful method for increasing the sensitivity of NMR 1n
sohds [5,6]. Its application to deuterium magic angle
spinmng should be of considerable use It has been ap-
phed successfully to enhance 13C signals in magic an-
gle spinning solds and those of various other spin-1/2
nuclei [7—10] The spinmng modulates the dipole—
dipole interactions which induce the transfer of polar-
1zation between the 1H and 13C Zeeman reservours in
the rotating frame, but does not quench that process
as long as the rotation frequency 1s somewhat smaller
than the local dipole field [9].

Transfer of polanzation between spin-1/2 (1H) and
spin-1 (4H) systems has been investigated recently 1n
non-rotating solids. Selective single- and double-quan-
tum cross polanzation have been demonstrated and
their dynamics analyzed [11]. Also, deuterium quadru-
pole tensor polarization by thermal coritact between
proton dipole and deutennum quadrupole reservoirs
has been reported {12, 13]. Sample rotation modulates
the quadrupole coupling as well as the dipole cou-
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plings and this affects both the efficiency and dynamics
of the transfer of polarization. In this letter we demon-
strate proton-enhanced deuterium NMR 1 solids with
magic angle spinning and analyze the conditions nec-
essary for efficient transfer of polarization.

2. Proton-enhanced deuterium NMR in rotating solids

The hamiltonian for the deuterium spin system (S)
in the rotating frame and on-resonance (Aw <€ w5,
wq) 1n the rotating sample has the form

Hg =55, +% wo(t) 352 -57), m
n frequency units, where cj g 1s the devtertum rf
field amplitude and

wo(t) =3 €20 {3 [3 cos?B(r) — 1]} )

1s the time-dependent quadrupole coupling amplitude.
For simplicity, we assume an axially symmetric qua-
drupole interaction where n = 0. Hg is diagonalized by
a umtary transformation [14,15] and the result is given
by

HE =T HgT =5 wy(6) S, —  wo(?) 357 — 5%),3)

where

we(?) = [w () ~ 4d g1V,
g = 2wlslwe(t)
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are the effective field amphtude, tilt angle, and trans-
formation matnx respectively. In this transformation,
columns 2 and 3 1n the matrix of eq. (37) 1n ref, [14]
are permuted in order to preserve the numerical label-
ing of states and symmetry 1n the tilted frame of ref-
erence. Thus both the magmtude and orientation of
the effective field are modulated by the magic angle
spinning. If deuterium Zeeman polarization can be
generated, 1t must be able to adiabatically follow that
modulation 1n order to remain spin-locked. We have
therefore solved the set of Bloch-like equations for an
oscillating three-level system, which have previously
been solved for a stationary three-level system [16,17],
for the case that the frequency of sample rotation, w,
< wjg,wq- The result 1s that the spin polarization
can adiabatically follow the modulation if the condi-
tion 1s fulfilled that

w35 > ;00 (Dmaxs @)
where “’Q(t)ma.\ i1s the maximum value of «wg ()
during the spinner cycle. Explicitly, when w% s>

10 wwq(#)may, the maximum deviation of the spin
orientation from the quantization axis in the frame
given by eq. (3) is less than 4°.

The hamiltonian for the combined deuterium (5)
and proton (/) spin system in a double rotating frame
defined by eq. (3) and an on-resonance rf irradiation
at the proton Larmor frequency has the form

T _ T T T T
H' =Hy +Hp +Hg +Hig, )
w-here Hg: is given in eq. (3),1:!5 is the secula;_‘ dipole—
dipole coupling amongst the protons. and H; = w1,

The transfer of polarization 1s induced by Hjg which
1s given by

T - 1-2 1 231
HT = §2b,](_1xlsx] cos} +1, 533 sm10), (6)

bu = —21,7’ r,73 P, (cos oz,-]),

where @ 1s given in eq. (3) and the S£79 are the fictiti-
ous spin-1/2 operators describing the spin-1 system
[14,}5]. By second-order perturbation,H}_'g induces
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either effective field deuterium single-quantum flips
1—-2 or 2—3 accompanied by a proton flip. The Hart-
mann—Hahn matching conditions for these energy
conserving flip—flops are given by

wir =7 [we(t) — wq(®)] for the 1-2 transition (7a)
and
wyy= -;- [we(?) + wq()] for the 2—3 transition.(7b)

The result of the transfer of polarization can be cal-
culated by application of the spin temperature theory.
For a non-spinning sample one can set Aw, w) g <wg
and thus 8 <1 so that only the Si_z term survives in
H}_;-. This makes selective double-quantum cross polar-
1zation possible [11]. In a rotating sample the modula-
tion of wQ(t) causes both terms in HZS to be non-zero
at some point duning the rotor cycle. This results in a
complex transfer of polanzation involving both 1-2
and 2-3 transitions. The deuterium polanzation creat-
ed after a cross-relaxation contact is represented by
the operators S, and 333' —S%in eq. (3) Transforma-
tion of these operators back into the onginal rotating
frame of eq. (1) gives

7S.T' =272 9n 6(S, ) +4 cos (2 +52)
+3 cos 0(352 — 52), ®)
7352 - SHT = -1 (352 - 52)+3(s2 +52). ©9)

Thus the proton-enhanced deuterium system will ex-
hibit single-quantum, double-quantum and quadrupole
tensor polarization as a function of the effective frame
tilt angle, 8(¢), which 1s determined by the relative
strength of w; g to wq(r)

In a non-spinning polycrystalline sample only a few
deuterium spins match the Hartmann—Hahn condi-
tions of egs. (7) and the polanzation transfer 1s ineffi-
cient. However, rotation of the sample about the magic
axis modulates the deuterium energy levels of eq. (3)
and thus the corresponding transition frequencies as
shown in fig. 1 (top). The 12 and 23 transitions os-
cillate with large amphtudes Setting the value of wy
within the range of that oscillation allows the deuter:-
um spins to match the conditions of egs. (7) at least
once dunng 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 aclhieve the matching
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Fig 1 Theoretical aspects of "H—2H cross polarization m
rotating solids Top Dependence of the transition frequen-
€1€s, w7, between the spin-1 deuterium energy levels on the
sample rotation for one spmnner cycle The erergy levels are
those in the tilted rotating frame defined by eq (3) Orienta-
tion of the unique axis of the axally symmetric (n = 0) qua-
drupole tensor is taken to be at 60° to the spwneraxis The
coupling constant 1s taken 5 €2¢Q = 14 2 kHz and the
deuterium rf amplitude s w5 = 18 0 kHz The effectwve field
single-quantum transitions wys and w3 are strongly modu-
lnted by the spmmming This leads to complex cross-polariza-
tion dynamlc§ and a broad Hartmann—Hahn matching region
where wy; = 3 fwelr) = wqlt)] xThe effective field double-
quantum transition, plotted as3 w3, 1s much less modulated
by the spinming Bottom Fraction of sample, fg, which
meets one of the single-quantum Hartmann—Hahn conditions
of eqgs (7) at least once during a spinner cycle plotted asa
function of w, ¢ An isotropic distribution 1s assumed for the
orientation of the unique axis of the quadrupole tensor. The
proton rf amplitude 15 taken oy = 18 O kHz In the center re-
gion where w; ¢ =~ s, 7, both conditions of egs. (7) are met
during the spinner cycle. In the outer regions, distinct tails
occur since only one of those conditions can be met during
the spmner cycle
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conditions 15 shown in fig. 1 (bottom) as a function of
wy g for a constant wy,. In the region wy g = wy,; all
spins achieve matching and efficient cross polanzation
1s expected. The distinct tails in fig. I (bottom) repre-
sent regions where only one of the two conditions in
eqs. (7) can be matched dunng the spmner cycle. Thus
the polanization transfer induced by H}’:g wia effective
field single-quantum fhips is possible over a wide range
of wy ¢ — wj s, however, the matching 1s obtained on-
ly for a fraction of the spinner cycle, and this reduces
the rate of transfer that 1s possible [2].

An alternative mechanism for polarization transfer
1s a transition in which the deuterium spin undergoes
an effective field double-quantum flip accompanied
by one or two proton fhips [18,19]. This1s the [ -3
transition in fig 1 (top) which 1s forbidden by second-
order perturbation and would require that ncoy; =
w (1), where n = 1,2. Since this transition oscillates
over a much smaller range during the spinner cycle
than the 12 and 23 transitions, it would lead to a
much narrower matching region than that shown in
fig 1 (bottom).

3. Experimental

Proton-¢nhanced deuterium signals were obtained
by spin-locking the proton magnetization followed by
single-contact thermal mixing between the [ and S res-
ervoirs. The duration of the contact was a multiple of
the spinner cycle. Both f and S rf irradiation were on-
resonance. Following the mixing, the § irradiation
was turned off and the [ uradiation left on for proton
decoupling while the S free induction decay was moni-
tored directly. Experiments were performed at room
temperature on a home-built spectrometer operating
at oy [2w(1H) = 182 MHz and oy /20 (CH) =28 MHz.

Results on proton-enhanced deutenum signals for
a sample of polycrystalline 305 randomly deuterated
hexamethylbenzene rotating at 1 47 kHz are shown
fig. 2. The experimental proton rf field amplitude was
w;r =208 kHz. In fig.2 (top) 1s shown the ratio of
cross-polanized signal intensity, SCP, to the intensity
after a single 90° pulse, SO, as a function of ) g- The
duration of cross-relaxation contact was 25 cycles =
17 ms. The cross-polarization rates, 1/T;g, for this
same data set are shown in fig. 2 (bottom). The cross-
relaxation curves were fit to a single exponential to
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Fig. 2. Experimental results on 'H—2H cross polarization in
polycrystaliine 30% randomly deuterated hexamethyibenzene
rotating about the megic angle at 1.47 kHz. Proton 1f field
amplitude was wy; = 20.8 kHz, Top: Ratio of cross-polarized
deuterium signal to the signal after a 90° pulse, SCPiS", asa
function of deuterium rf field amplitude, w, §- The duration
of cross-polarization contact was 25 cycles = 17 ms. Bottom:
Cross-polarization rates, 1 /T,s, for the same data set.

extract Tyg, however, the curves were not single expo-
nential and the relative error in 1 {Tyg is estimated to
be £20%.

The proton-enhanced high-resolution spectrum of
polyerystalline dimethoxybenzene is shown in fig, 3.
This sample was randomly deuterated to 60% in the
aromatic position and selectively mono-deuterated to
98% in the methoxy position, DH,CO—¢$D4—O0CH,D.
Here the linewidths are somewhat less than previously
reported {3], which is attributed to a decrease in resid-
ua} homonuclear 2H-?H dipole—dipole couplings
when the level of isotopic substitution is decreased,
The maximum enhancement factors, SCP /S0, for three
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ppm {8)

Fig. 3. High-resolution deuterjum magic angle spinning NMR
spectra of polycrystalline dimethoxybenzene, randomly
deuterated to 60% in the aromatic position and selectively
mono-deuterated to 98% in the methoxy position. Frequency
of rotation was 1.07 kHz. Lower trace, $?, was obtained from
the FID after a single 90° pulse, Upper trace, S-F, shows gain
in sensitivity asa result of 9.3 ms single contact cross polar-
ization from protons. Data are summarized in table 1.

polycrystalline samples are summarized in table 1.
Good enhancement was obtained in each case. Rapid
internal molecular reorientation produces the reduced
average quadrupole couplings shown for three deuteri-
um positions, while the rigid aromatic deuterons in di-
methoxybenzene retain the full coupling. Theoretical
values SCP /S0 for single-quantum spin-locked cross
polarization were calculated from [6]

SCP/SO = (yIpySy (1 + 91

=6.514 (1 +8Ng/3N)1, (10)

where €= [S(S +1)}/I{ +1)] Ng/N,. In comparing
these values to experimental values, it should be noted
that the experimental $0 is somewhat smaller than ex.
pected since the pulse is not “strong™ for the entire
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Table 1
Deuterium signaf proton-enhancement factors in magic angle
spinning solids

Compound §< PISG wQIZn
{kHz)
theoretical®) experimental
30% random-deutero
hexamethylbenzene 3.0 32 14
4.9% random-deuterc
durene 5.7 4.4 34
dimethoxybenzene
total 21 2.2 -
b - 2.7 33
@ - 14 130

2} See oq. (10).
Signal from deuterium in the methoxy group,
9 Signal from deuterium in the aromatic ring.

powder, When w, ¢ <;3; ¢2q(2, the magnetizations of
crystallites with different orientations are rotated by
different angles, Thus a single pulse does not bring
them all into the transverse plane [20] and it also gen-
erates some double-quantum coherence.

4, Conclusion

Proton-enhanced deuterium spectra in rotating sol-
ids have been obtained with good signal enhancement.
Evidently most of the transferred polarization does re-
main locked along the effective field as its direction
oscillates. The broad matching curve and cross-relax-
ation data of fig, 2 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 eross-polar-
ization dynamics and a broad range of w; g over which
the energy conserving heteronuclear flip—flops occur.
In the limit that w; g 2 wq and wyg = wyy, pure
single-quantum signal is generated by the transfer of
polarization. However, when w; ¢ 2 wp, the single-
quantum signal exceeds 95% of the total. Thus the ob-
served polarization in fig. 2 {top) should fall off more
quickly on the low-frequency side where wy ¢ <y
than on the high-frequency side since in this region
more of the transferred polarization appears as double-
quantum coherence and quadrupolar polarization.
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The experimental cross-polarization curve, fig. 2 (top),
is broader than the theoretical matching curve, fig. |
{bottom). Two reasons for this are: (1) the cross-relax-
ation spectral density function is considerably broad.
ened by spinning sidebands as demonstrated by
Stejskal et al. {9] and (2) the mismatch energy, wy;
-1 fwe( wq(N)], appears in the proton reservoir
H}; and can be the limiting factor in cross relaxation
in a non-rotating sample. However, it was recently dem-
onstrated that sample rotation strongly couples this
reservoir to the lattice {21].

In conclusion, we have demonstrated efficient
single-quantum 'H-2H eross polarization in rotating
solids. Substantial enhancement has been obtained for
molecular positions with a wide range of quadrupole
couplings. Cross polarization of deuterium nuclei in
rigid molecular positions is desirable since in this case
the deuterium spin-lattice relaxation time can be-
come extremely long. It makes possible a much lower
level of isotopic substitution which also contributes
to increased resotution,

Acknowledgement

We are indebted to Sidney Wolfe for preparation
of sample materials. RE is grateful to Dr. Madis Alla
for many helpful discussions. LM acknowledges a
Swiss National Science Foundation Scholarship that
enabled him to do this research. This work was sup-
ported by the Division of Fossil Energy, Office of As-
sistant Secretary for Energy Technology, US Depart-
ment of Energy, under contract No, W-7405-ENG-48.

References

{11 LL. Ackerman. R. Eckman and A. Pines, Chem. Phys.
42 (1979 423.

[2] M. Alla, R. Eckman and A. Pines, Chem, Phys. Letters
71 (1980) 148.

[3] R. Eckman, M. Alla and A. Pines, to be published.

{4] M. Matti Maricq and 1.8. Waugh, J. Chem. Phys. 70
(1979) 3300.

{5} 8.R. Hartmann and E.L. Hahn, Phys. Rev. 128 (1962)
2042,

[6] A. Pines, M.G. Gibby and 1.5. Waugh, J, Chem. Phys. 59
(1973) 569.

{7} 1. Schaefer and E.Q. Stejskal, J. Am. Chem. Soc. 98
(1976) 1031.

153



Volume 76, number 1

[8} E. Lippmaa, M. Alla and T. Tuherm, 1n- Magnetic Res-
onance and Related Phenomena, Proceedings of the
19th Congress Amipére, eds. H Brunner, R H Hausser
and D. Schweitzer (North-Holland, Amsterdam, 1976)
p. 113,

(91 E.O. Stejskal, J. Schaefer and J S. Waugh, J. Magn
Reson. 28 (1977) 105.

[10] ET. Lippmaa, M.A Alla, TJ. Pehk and G Engethardt,
J Am Chem Soc 100 (1978) 1929.

[11] S. Vega, T.W. Shattuck and A. Pines, Phys. Rev,, to be
published

[12] W. de Boer, M. Borghini, K Morimoto, T.O Niumikosko
and F. Udo, Phys Letters 46A (1973) 143

[13]1 W de Boer, Phys Rev. B12 (1975) 828.

[14] A Wokaunand R R. Ernst, J. Chem Phys 67 (1977)
1752.

[15) S. Vega, }.Chem Phys 68 (1978) 5518

154

CHEMICAL PHYSICS LETTERS

15 November 1980

[16] R.G. Brewer and E L. Hahn, Phys Rev. A1l (1975)
1641.

[17] D.G_Gold and E.L. Hahn, Lecture Notes, Ampére
Summer School IV, Pula, Yugosiavia (1976).

[18] M Kumitomo, J Phys Soc. Japan 30 (1971) 1059, and
references therein.

[19] P. Mansfield and G P. Cant, Phys. Letters 33A (1970)
130, and references theremn

[20] M Alla, R. Eckman, E. Kundla and A Pmes, 20th Annu-
al Rocky Mountain Conference on Analytical Chemstry,
Denver, Colorado (August 1978);
M. Allz, R. Eckman, L. Miiller and A. Pines, 21st Annu-
al Rocky Mountain Conference on Analytical Chemstry,
Denver, Colorado (August 1979).

{21} ¥ F I M. Pourquié and R.A. Wind, Phys Letters 55A
(1976) 347



