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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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Fourier ‘Transform Double-Quantum NMR in Solids
, + . N
S. Vega, T. W. Shattuck and A. Pines

Department of Chemistry and Materials and Molecular Research Division of
the Lawrence Berkeley Laboratory, University of Califormnia
Berkeley, California 94720

ABSTRACT

An approach to'high resolution nmf of deuteriﬁm in solids is éescribed.

The m = 1 > —lrtransition is excited by a double-quantum process and the
decay of éoherence Q(T) is monitored. Fourier tranéfdrmation yields a
deuterium spectrum devoid of quadrupole splittiﬁgs and broadening. If the
deuteridm nuclei are dilute and the protonsvare spin decoupled, the double-
guantum spectrum is a high resolution one and yields information on the
deuterium chemical shifts Aw. The relationshnip Q(T) " cos 2AwT is checked
and the technique is aﬁplied to a single crystal of okélic acid dihydréte

1 enriched to v 10% in deuterium. The carboxyl and the water‘deuterium shifts
are indeed resolved and ﬁhe anisotropy of the carboxyl shielding tensor
is estimated to be A0 = 32 * 4 ppm. A simple illustrative theoretical analysis

is presented.
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Fourier Transform Double-Quantum NMR in Solids

We describe.in this. letter what we believe to be the first measurement
of the chemical shift of deutérium in a solid. .This includes the resolution
of chemical'shifts fdr different; deuterium hﬁclei in a crystal and a measure
of the aniéotrépy of the chemical shifts as the crystal is rotated.. To
perform the meésuremeﬁts we.have exﬁloited a novel technique involving the
combination df-dilute spin double resonance1 and the coherence properties-of
multiple-quantum transitions.2

The problem with high resolution solid state nmr for any but spin-X%
‘nuclei is the épectral splitting and broadening induced by th? interaction
of the nuclear quadrupolé moments with electric field gradients. For
deuterium (spin-1) tﬁé quadrupslar splittings are typically of the order
of Vv 200 KHz, whereas fhe chemical shifts are expected to span a range of
" 500 Hz., Figure 1 démonstrates the basié of our splution to this problem.
The ﬁormal allowed transitions for the spin-l1 are m =1 > 0 and m = 0 -+ ~1,
"To first order, the

Q?

1 + -1 splitting is not shifted, however. We induce the transition

which are shifted by the quadrupolar interaction, w

-

m

m =1+ -1 with a radio frequency field of intensity w, at the unshifted
frequency w0,3 placing the levels * 1 in coherent superposition. This

cdherence, which we label tentatively Q(t), now evolves a52
Q(t) v a(t) cos 2Awt v ' (1)

where Aw is the resonance offset or chemical shift and a(t) is the decay

due to relaxation. Clearly, Q(T) does not contain w. and thus we have

Q
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effectively removed the quadrupole broadening. If the deuterium nuclei

are dilute and the protons are simultaneously spin decoupled, then (1)

yields on Fourier transformation a high resolution spectrum containing

chemical shift information. We term this a high'resolution Fourier

transform double—qugntum spectrum.

To see the-effect of eliminating wQ and the fesonance offset or
chemical shift.behavior we have pérformed a series of preliminary experiments.
The first is on an oriented crystal of perdeuterated.
oxalic aqid dihydréte,4 (COOD)Z'ZDZOthere the carboxyl deuteriums have a
quadrupole splitting of ~ 31 KHz and a line width of " 73 pPpm.

The following pulse sequence was applied:

1= T-Py-1t) _ B | (2)

where Pl is a pulse to induce the double-quantum transition and T is the

'timé,during which the double-quantum decay occurs. P2 is a probihg pulse,

necessary since Q(T) normally‘iﬁduces no observable signal, i.e., <I+(T)> = 0.

The signal following P2 determines for each w_. the double-quantum decay as

Q

a function of T. This is an example of two dimensional Fourief'transform
spectroscopy introduced by Jeener2c and by Ernst ggigl;?d integratedvover
one axis. | |

Figure 2 shows the results of experihents at two different irradiation
frgéuenéies separated by Vv 2 KHz. The Fourier transform of the double-quantum
decays indeed result in two lines separated by 2Aw 4 KHz. Their linewidths

are v 18 ppm indicating an improvement in resolution over the normal spectrum

by a factor of 4.



To demonstrate the application df our technique to the resolution of
chemical shifts for inequivalent deutefium nuclei, é-second experiment was
performed on a single crystal of oxalic acid dihydrate enriched to ~ 10%
in deuterium,.oriented so that the carboxyl and the water deuterium resonaﬁces
were both observéble, the lattef with a large linewidth of ~ 120 ppm. Pulse
sequence (2) was again applied to the deuterium spins,‘while spin decoupling
the protons by intense irradiation at resonance. The double-quantum decay
and Fourier transform from free inductioq decay intensities at small t
appear in Figure 3, showing separate chemical shifts from the carboxyl and
water deuteriﬁm spins. Note also the dramatic improvemént in the resolution
of the line frém the water resonanée.

The final illuétrative_experiﬁent involves the anisotropy of the chemical
shiglding~tensor; .The double-quantum pgak for the cafboxyl deuterium was
observed as the crystal was rotated about an axis perpendicular to the
magnetic fie1d5' An analysis of the data under the two assumptions: i) the
chemical shielding tensor is axially symmetric and ii) the principal axes are
aligned with those.of the electric field gradient tensor, yield an anisotropy

of the chemical shift of:
Ao = 32 £ 4 ppm . 3)

and an isotropic value of di =.-15 ppm relative to DZO’ This AG is larger
than théﬁ measured Ey Yeung5 (Ac_'= 25 ppm) for the carboxyi protons by
multiﬁle—pulse techniquesﬁ

" We describe now a simple theoretical analysis based on idealized .
conditions for the pulses and interactions. A full analysis as wéll as

detailed experimental results will be presented in a full paper. Consider



a deuterium spin in a magnetic field HO and coupled to an axially symmetric .
" electric field gradient. Radio frequehcy irradiation of intensity Zwl is
applied at frequency w, close to the central frequency Wy We assume a

quadrupole coupiing of w >> wQ >> Aw, where

Q and assume further that W,
Ao = woéw. The Hamiltonian can be written (in éngular frequency units):
AH = -.I + l-w (BIZ—I(I+1))- 2w,I cos wt | 4)
, 0"z 3 Q7 z 17x o :

where the three terms are the Zeeman coupling, the quadrupole coupling HQ’
and the interaction with the rf field respectively.

In the rotating frame at frequency w this transforms effectively to:

_ 1, oo - ot |
HR_-. Aw Iz + 3 wQ(3Iz (I(I+1)) wlIx . (5)
During the first pulse P,, we assume:
Mo << w, << wQ } - (6)

1

yiélding for the effective (secular) Hamiltonian during the pulse in a

tilted quadrupolar frame for spin—l:7

2
w
_ 1 2 2 1 2
le = - 7 (Ix Iy) + 3 wQ (3Iz I(I+1)) S (@
Q :
2
Y% 2 2 .

The terulizr (Ix_— I') is the rigorous quantum mechanical operator for what
——— Q- : =7
we term loosely the double-quantum transition. The cross section Er—comes

Q

from second order perturbation theory.3 If the spin system is originally by
equilibrium before P, glven by the reduced high temperature density operator

'po, then it becomes after this pulse:
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Foai-my  -jea; -1
p(0) = e Py © (8)
2
. wl '
where 6 = aa tpl, Po = BIZ, and tPl is the length of Pl' Evaluating
(8), we find:
p(0) = B {Iz cosf + (IXIy+Iny) sinf} | | (9)
_ Selecting a-% double-quantum pulse, i.e., 6 = g-yields:
p(0) = B (Iny+Iny) (10)

Note that p(0) is a sort of tensor alignment, in the terminology of de
Boer et al.s,'with coherence in the x-y plane. p(0) now evolves during T

according to:

~1(-MI + H)T i(—AmIz + HQ)T

p(t) e z Q p(0) e (11)

which can be easily evaluated for spin-l1, since [HQ’ p(0)] = O:
o(1) =B { (LI +1I1I) cos20wt+ (L2 ~ I2) sin 20wt} (12)
o X'y ¥y X X y .

Note that Tr(p(T)I+) = (0, so we do require the second pulse. During the

second pulse P2’ we assume

w >> Wos Aw (13)

ltP = /2, where to is the

2 2
leng;h of Pz,—we find for the expectation value of Iy following the second

Taking P, to be a normal 90° pulse, i.e., W

pulse, what we termed previously the double-quantum coherence Q(t):



<Iy> « B cos 2Awt . | (14)

which yields (1) when relaxation a(T) is added.

To summarize, we have demonstrated successfully the resolution of
deuterium chemicgl shifts in solids. Our approach offers for the first
time an attractive alternative to solid state proton nmr, since large
molecules can be labeled at specific sites. In addifion, the resolution
is expected to be excellent since only heteronucleaf'decoupling is
involved. We mention parenthetically that the chemiéal shifts can in many
cases be dgtermined by directly observing the quadrupolar sattelites in
the normalv(single—quantum) deuterium nmr spectrum. In these cases, this
is cleafly the most convenient approach. However, any distribution of
quadrupolar interactions due to crystal imperfectiohs §r chemical exchange,
for example, completely eliminates the resolution, since wQ >> Aw. In
such a case, the advantages of the double-quantum spectra are clear and
are dramatically illustrated by the results in Figure 3; this demonstrates
a reduction in the water linewidth from v 120 ppm in the normal nmr spectrum
to v 5 ppm in the double-quantum spectrum. Another example is the determina-
tion of deuterium chemical shift tensors from powders,.which we shall describe

in the future..
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Figure Captions

Deuterium spin~1 energy levels are shifted by:- %-wQ and +-§ wQ due
to interaction of the electric quadrupole with an axially symmetric
electric field gradie#t. The transition m =1 + -1 is induced.by a
doubleequaﬁtum transition at t£e unéhifted fréquency Wy with a

radio_frequency field of intensity wy and durétibn tP where wy << wQ

2
ml T ‘ 1
and — tP = E.
Q 1

Double-quantum decay of'carboxyl deuterons in crystal of perdeuterated

I
2

1, and the decay monitored by observing the signal following a second

oxalic acid dihydrate. A - double-quantum pulse was applied as in Figure
pulse at time T later. The shift of frequency (magnetic field) by

Aw~v 2 KHz shows up-as 2 Aw Vv 4 KHz. The deuterium Larmﬁr frequency

was 16.3 MHz.

Proton decoﬁpled'double-quantum decay of deuterium (a) in crystal of

N 10% deuterateq oxalic acid dihjdrate. The normal nmr spectrum at this
orientation shows reasonably sharp (v 10 ppm) carboxyl deuterium sattelites.
and extremely broad (N.lZO ppm) water sattelites. The Fourier fransform
doubleiquaﬁtum spectrum shows resolved chemically shifted carboxyl

(right) and water (left) lines. The deuterium Larmor frequency was

28.4 MHz.
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Intensity of FID (arbitrary units)
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