BULLETIN OF MAGNETIC RESONANCE

-3 : The Quarterly Review Journal of the
‘ International Society of Magnetic Resonanc

VOLUME 12 May 1990 NUMBERS 1/2




BULLETIN OF MAGNETIC RESONANCE

The Quarterly Review Journal of the
International Society of Magnetic Resonance

Editor:
DAVID G. GORENSTEIN
Department of Chemistry
Purdue University
W. Lafayette, Indiana 47907
USA.
Fax: 317-494-0239
BITNET: david % adam. chem. purdue.edu @ purccom.bitnet

Editorial Board:

E.R. ANDREW DANIEL FIAT CHARLES P. POOLE, JR.
University of Florida University of Illinois at Chicago University of South Carolina
Gainesville, Florida, U.S.A. Chicago, Illinois, U.S.A. Columbia, South Carolina, U.S.A.

LAWRENCE BERLINER SHIZUO FUJIWARA o JAKOB SMIDT
Ohio State University University of Tokyo Technische Hogeschool Delft
Columbus, Ohio, U.S.A. Bunkyo-Ku, Tokyo, Japan Delft, The Netherlands

ROBERT BLINC DAVID GRANT BRIAN SYKES
E. Kardelj University of Ljubljana University of Utah University of Alberta
Ljubljana, Yugoslavia Salt Lake City, Utah, U.S.A. Edmonton, Alberto, Canada

H. CHIHARA A. PINES
Osaka University University of California
Toyonaka, Japan Berkeley, California, U.S.A.

GARETH R. EATON MIK PINTAR
University of Denver University of Waterloo
Denver, Colorado, U.S.A. Waterloo, Ontario, Canada

The Bulletin of Magnetic Resonance is 4 quarterly review journal sponsored by the International Society of Magnetic
Resonance. Reviews cover all parts of the broad field of magnetic resonance. viz.. the theory and practice of nuclear
magnetic resonance, electron paramagneticresonance, and nuclear quadrupple resonance spectroscopy including
applications in physics, chemistry, biology, and medicine. The BULLETIN also acts as a house journal for the International
Society of Magnetic Resonance.

CODEN: BUMRDT | ISSN: 0163-559X

Bulletin of Magnetic Resonance, The Quarterly Journal of the International Society of Magnetic Resonance.
1990 Copyright by the International Society of Magnetic Resonance. Rates: Libraries and non-members of
" ISMAR.80.00, members of ISMAR, $25.00. All subscriptions are fora volume year. All rights reserved. No part
of this journal may be reproduced in any form for any purpose or by any means, abstracted, orentered into any
data base, electronic or otherwise, without specific permission in writing from the publisher.



Council of the International Society of Magnetic Resonance

- R. FREEMAN, President
A. PINES, Vice President
D. FIAT, Founding Chairman
R.K. HARRIS, Secretary-General

R.R. VOLD, Treasurer
C.P. SLICHTER, Past President
E.R. ANDREW J. JEENER
Gainesville Brussels
G.J. BENE V.J. KOWALEWSKI
Geneve Buenos Aires
R. BLINC P.C. LAUTERBUR
Ljubljana Stony Brook
M. BLOOM E. LIPPMAA
Vancouver Tallin
W.S.BREY, JR. A. LOSCHE
Gainesville Leipzig
V.BYSTROV P.T. NARASIMHAN
Moscow Kanpur
F. CONTI D. NORBERG
Rome St. Louis
R.R. ERNST H. PFEIFER
Zurich Leipzig
D. FIAT W. von PHILIPSBORN
Chicago Zurich
_ S.FORSEN A.PINES
Lund Berkeley
S. FUJIWARA L.W. REEVES
Urawa Waterloo
M. GOLDMAN R. RICHARDS
Gif sur Yvette Oxford
H.S. GUTOWSKY J.D. ROBERTS
Urbana Altadena
RK. HARRIS P.SERVOZ-GAVIN
Durham Grenoble
K.H. HAUSSER J. SMIDT
Heidelberg Delft
J. HENNEL J. STANKOWSKY
Krakow Poznan
0. JARDETSKY I URSU
Stanford Bucharest
H.C. WOLF N.V. VUGMAN
Stuttgart Rio de Janeiro
Th'e aims of the International Society of Magnetic Resonance are to advance and diffuse knowledge of magnetic resonance and its
applications in physics, chemistry, biology, and medicine, and to encourage and develop international contacts between scientists.
T_he Spciety sponsors international meetings and schools in magnetic resonance and its applications and publishes the quarterly
review journal. The Bulletin of Magnetic Resonance, the house journal of ISMAR.
The annual fee for ISMAR membership is $20 plus $25 for a member subscription to the Bulletin of Magnetic Resonance.

Send subscription to: International Society of Magnetic Resonance

Protessor Regitze R. Vold
Treasurer

Department of Chemistry, B-042
University of California, San Diego
La Jolla, CA 92093-0342 U.S.A.
FAX: (619) 534-7042 -

Bitnet: rrvold @ucsd.bitnet




Council of the International Society of Magnetic Resonance
R. FREEMAN, President .
A. PINES, Vice President
D. FIAT, Founding Chairman
R.K. HARRIS, Secretary-General
R.R. VOLD, Treasurer
C.P. SLICHTER, Past President

_ E.R. ANDREW J. JEENER
" Gainesville Brussels

G.J. BENE V.J. KOWALEWSKI
Geneve Buenos Aires

R. BLINC P.C. LAUTERBUR
Ljubljana Stony Brook

M. BLOOM E. LIPPMAA
Vancouver Tallin

W.S. BREY, JR. A. LOSCHE
Gainesville Leipzig

V. BYSTROV P.T. NARASIMHAN
Moscow Kanpur

F. CONTI D. NORBERG
Rome St. Louis

R.R. ERNST : H. PFEIFER
Zurich Leipzig

D. FIAT W. von PHILIPSBORN
Chicago Zurich

S. FORSEN A.PINES
Lund Berkeley

S. FUJIWARA L.W.REEVES
Urawa Waterloo

M. GOLDMAN ' R. RICHARDS
Gif sur Yvette Oxford

H.S. GUTOWSKY J.D. ROBERTS
Urbana Altadena

RK. HARRIS ' P. SERVOZ-GAVIN
Durham Grenoble

K.H. HAUSSER J. SMIDT
Heidelberg Delft

J. HENNEL . J. STANKOWSKY
Krakow Poznan

0. JARDETSKY L URSU
Stanford . Bucharest

H.C. WOLF N.V. VUGMAN
Stuttgart Rio de Janeiro

The aims of the International Society of Magnetic Resonance are to advance and diffuse knowledge of magnetic resonance and its
applications in physics, chemistry, biology, and medicine, and to encourage and develop international contacts between scientists.

The Society sponsors international meetings and schools in magnetic resonance and its applications and publishes the quarterly
review journal. The Bulletin of Magnetic Resonance, the house journal of ISMAR.

The annual fee for ISMAR membership is $20 plus $25 for a member subscription to the Bulletin of Magnetic Resonance.

Send subscription to: International Society of Magnetic Resonance

Professor Regitze R. Void
Treasurer

Department of Chemistry, B-042
University of California, San Diego
La Jolla, CA 92093-0342 U.S.A.
FAX: (619) 534-7042

Bitnet: rrvold @ucsd.bitnet



TR

e

=

=P$P?93PPP

Scientific Program Advisory Committee

Goldman (Paris, FRANCE) - Chairman
Servoz-Gavin (Grenoble, FRANCE) - Xth ISMAR Chairman

Berthier (Grenoble, FRANCE)
Bodenhausen (Lausanne, SWITZERLAND)
Cozzone (Marseille, FRANCE)

Ernst (Zurich, Switzerland)

Fraissard (Paris, FRANCE)

Freeman (Cambridge, UK)

Granger (Strasbourg, FRANCE)

Gueron (Paris, FRANCE)

Jeener (Bruxelles, BELGIUM) :

. Kaptein (Utrecht, THE NETHERLANDS)

JY Lallemand (Paris, FRANCE)
J.M. Lhoste (Paris, FRANCE)
J.B. Robert (Grenoble, FRANCE)

G.

J.

G.
K. Wuthrich (Zurich, SWITZERLAND)

PET

Roberts (Leicester, UK)
Virlet (Paris, FRANCE) o
Weill (Strasbourg, FRANCE)

Organizing Committee

Servoz-Gavin, Chairman ~ - A. Benabid

. Goldman, Vice-Chairman C. Berthier
Rousseau, Treasurer . D. Gagnaire
J.B. Robert.

Co-Editors»'of the Proceedings

D.G. Gorenstein, W. Lafayette
P. Servoz-Gavin, Grenoble



Bulletin of Magnetic Resonance

ISMAR Division of Biology and Medicine

Steering Committee

. 0. Jardetzky (Stanford, USA) - Chairman

E.D. Becker (Bethesda, USA) - Secretary
C.P. Slichter (Urbana, USA) - ex-officio, President ISMAR

E.R. Andrew (Gainesville, USA)
M. Bloom (Vancouver, CANADA)
V.F. Bystrov (Moscow, USSR)

F. Conti (Roma, ITALY)

R. Deslauriers (Ottawa, CANADA)
R.R. Ernst (Zurich, SWITZERLAND)
S. Forsen (Lund, SWEDEN)

P.C. Lauterbur (Stony Brook, USA)
S.J. Opella (Pasadena, USA)
G.C.K. Roberts (Leicester, UK)

S. Schreier (Sao Paulo, BRASIL)
H. Swartz (Urbana, USA)

K. Wuthrich (Zurich, SWITZERLAND)

Local Committee

G. Auzet J. Gaillard

M.J. Basset (Mme) J. Garcia-Fernandez

C. Beguin M. Goldman |

C. Berthier E. Gout (Mme)

B. Bouyoud (Mme) B. Lamotte

A.S. Cohen (Melle) C. Morat

S. Confort-Gouny (Mme) R. Nardin

M. Decorps J.B. Robert

E. Dufourc C. Roby

J.C. Duplan A. Rousseau

D. Gagnaire F. Sarrazin (Mme)
P. Servoz-Gavin



'1 Vol. 12, No. 1/2

The Xth ISMAR Meeting was sponsoi'ed by:

Commission of the European Communities
Ministere des Affaires Etrangeres

Ministere de I'Education Nationale

Ministere de la Recherche et de la Technologie
Centre National de la Recherche Scientifique
Commissariat a I'Energie Atomique

Conseil General de Haute-Savoie

Institut National de la Recherche Agronomlque
Universite Joseph Fourier - Grenoble

Industrial Sponsors

BRUKER Spectrospin

General Electric

Doty Scientific

Interchim

JEOL _

Oxford Instruments

SMIS

| Spectrometrie Spin et Techniques (SST)
; VARIAN

| Wilmad Glass Company




4 | - Bulletin of Magnetic Resonance

Proceedings of the Tenth Meeting of the International

’ Society of Magnetic Resonance
Part 2
July 16-21, 1989

Morzine, France

Tabl-e of Contents
PAGE

Use of an Internal Reference in 13C Chemical Shift
Measurements, D.G. de Kowalewski, C. de los Santos and E. Marceca............... 6

A Suggestion for Detecting Rotational Tunnelling of CD3 - Groups

by Multiple-Quantum Spectroscopy, U. Wemer, W. Muller-Warmuth

ANA AL PINES.cciiieiei ettt ettt es e e b e sae s seesseesaeesseeesiesanaeasaeseerbeeeeeesanee 9
in vive" and “Vin vitro" Two Dimensional 1H NMR Spectroscopy,

J-C. Beloeil, B. Gillet, S. Mergui, J. Champagnat, G. Fortin, B. Barrere,

M. Peres, J. Seylaz..................... e eeeveseeenaesennsaesanansetneaateentnsaanr et traraaeratateranarariasanaes 15
The Relaxation Matrix Reconstructed from an Incomplete Set

of 2D-NOE Data: Statistics and Limits, P. Koehl and J.F. Lefevre................ 23

Proton Detected Volume-Selective 13C Spectroscopy and
Tomography In Vivo, A. Knuttel, R. Kimmich, and K.-H. Spohn.................... 30

The Participation of Phosphatidylcholine 1st and 2nd Fatty
| Acyls in Lipid-Protein Interactions in Ca-ATPase. A Spin Label
| Study, R. Zhdanov, P. Komarov, and V. Shvets.......ccccevimmiiirnnniiinniennieene, 36

Cu NMR and NQR in High T¢ Oxides YBaCu3Ox (6.0 < x < 6.98)
and Related Material CuQO, T. Shimizu, H. Yasuoka, T. Tsuda, K. Koga and




Vol. 12, No. 1/2

Very High Field EPR Spectroscopy, A.L. Barra, L.C. Brunel, F. Mulicr,
and J.B. Robert.........c.cccocunueen. SURTOURORR eeeeteveus i —ibereanaeenriteeaeaeaean e reerebeneneteneienneananaees 55

Magnetic Resonance Studles of the Structural Role vof Vitamin E in
Phospholipid Model Membranes, S.R. Wassall, R.C. Yang, L. Wang,
T.M. Phelps, W. Ehringer and W. Stillwell....c.....ccooooiiiii 60

In Vivo Nitroxide Spin Label Imaging By Overhauser Effect,
D. Grucker, V. Ringeisen, and J. Chambron....................... et ettt e 65

Protein-Membrane Organization and Function Studied by Metal-
Ion NMR: The Gramicidin Channel, J.F. Hinton, K.Newkirk and P. Easton. 67

The Kondo Effect in Electron Spin Resonance in Magnetic Alloys,
N.G. Fazleyev and G.I. MITOMOV.....ccoiiiiiiiitteirieieirrieeeeerrteraeese s e et eaaeeeesseesanenes 71

Muttipolar Interactions in Metals and Alloys, N.G. Fazleyev.................. 75

Deuterium NMR to Study the Surface of Phospholipid Bilayers,
A.S. Ulrich, T.W. Poile, and A. WALLS.........ccoveeiiruerierirereneeiesoreeeeeeeesesenesssesseensesenses 80

Strategy to Characterize Precursors for SiC Ceramics by Liquid
and  Solid-State NMR, C. Gerardin, F. Taulelle, ). Livage, M. erot and .J.
UMD UGS, .o vtteeirenieeerateeeeearreeeeeeruneaesrnsasaensasessnsnssabssssnsessssnsnasssssisanennnssnnionseeensansrennsnenses 84

Microwave Hysteresis in ESR Measurements in Copper-Oxide
Superconductors:Y-Ba-Cu-0O, A.A. Koshta, Yu.N. Shvachko, A.A.
Romanyukha, D.Z. Khusainov and V.V. UStNOV........ccccecaimirinirniiinnincerincnvesiecennens 89

Electron Spin Resonance in Organic Conductors Based on

(BEDT-TTF) with Linear Anions, Yu.N. Shvachko, A.A. Romanyukha,
A.V. Skripov and V.V. Ustinov........... e eereeee ettt re et e e b e s e e e st et e e e e s et s e nreseanne 93

139La-NMR: Investigations -on Organolanthanum Compounds,
M. Adam, E.T.K. Haupt and R.D. Fischer........cccccccoccerrmiiinniiiiicnninniiniiicnnecnisecaneensns 101

Chemical Inactivation of Thromboplastin According to 23Na, 31p.

NMR, RF. Baykeev, ANN. Chemov, LE. Ismaev, and A.V. Ilyasov........cccceevuueerunn. 104
ESR in Wide Frequency Range from S5 to 24000 MHz in Pristine
Trans-Polyacetylene, K. Mizoguchi and K. Kume.........ccccceeviniiiiiinnnnnnnnnans 105
‘Modified Formalism for the Description of Multiple-Pulse NMR
Experiments for Systems with Magnetic Equivalence, F. Pei and

A LEUeetiiriiiteeenieeenresesrestaeseesnaeesaesesseasssassesseesssassensessesessesisssesssseessaessronssenstssesasesssanasssans 106
Relaxation Times of 1H and H2 In Vycor Glass, S.H. Choh, G.M. Secidel,

aNd H.J. MAriS. oottt st sn e s te s e e s s s e e r e e e s 107

Evidence for the Acyl Nature of [(PPh3)2Pd(COCH2CH3)]* Complex
in Solution From Heteronuclear 13C-{IH)NOE Studies, A. Stepanov.... 108




 Bulletin of Magnétic Resonance

Use of an Internal Reference in 3C
Chemical Shift Measurements

D. G. de Kowalewskil

Depto. de Fisica, Facultad de Ciencias Ezactas y Naturales
Buenos Atres, 1428, Argentina

C. de los Santos and E. Marceca

Laboratorio de Fitoquimica, Facultad de Farmacia y Bioquimica
Buenos Aires, Argentina

I. Intro duction

Several inconsistencies have been noted during
recent systematic studies of the validity of additiv-
ity relationships (1-6) in the *C chemical shifts of
substituted pyridines. These showed that substan-
tial errors could be introduced if care is not taken to
use, for a given solvent, approximately the same con-
centration for all solutes; in our case this applied to
monosubstituted and polysubstituted pyridines and
benzenes. :

Whereas for 'H NMR spectra it is customary to
“lock” the field using the signal of tetramethylsilane
(TMS) for 13C NMR spectra, on instruments such
as the Varian FT-80, it is often customary to lock
on to the signal of deuterium situated in a capillary
concentric with the sample. The chemical shift of
the solvent taken from tables or from previous mea-
surements is then fed into the spectrometer program
and the computer refers all data to the TMS scale
(7-9).

Although this procedure eliminates the uncer-
tainty due to the usually unknown magnetic suscep-
tibility of the solution, it does not take into account
the fact that with ternary solutions there is a sig-
nificant solvent effect of the solutes on the solvent
and even on the reference compound. This makes
the use of this technique unsuitable.

On the other hand, the use of TMS as an in-
ternal standard for 13C NMR has been found to
he nnsuitable for other reasons. Its very low boil-

ing point (26.5°C) and our high, local average room
temperature make 1t almost impossible to measure
its concentration correctly. To solve this problem
we have used hexamethyldisiloxane (HM) as an in-
ternal standard (b.p. 101°C) at a concentration of
2% w/w. '

The problem was then to make the data obtained
with this standard comparable with those obtained
with TMS. If no aromatic or complexing solvents
are used, the main effects of the solvent are from
the van der Waals forces. The effect of each solvent
or solution can then be characterized by a factor
g% (9,10) which is a simple function of the refrac-
tive index, n, of the solution. Using this property,

-a method has been devised to convert the measure-

ments made with HM to those made with TMS.

II. Results

To estimate the effect of the van der Waals forces
a plot (Fig. 1) of the 3C chemical shifts of HM
in different solvents measured against an external
cyclohexane standard was made against the g2 fac-
tor of the solution, where g? = [(n2-1)/(2n? + 1)?]
(9,10). A linear regression analysis of these data
gives the equation

SHM/CY.se = [(0.64 £ 0.06)9° x 10*] — (~27.8 £ 0.2)
(1)

1Research member of the Argentine National Research Council (CONICET)
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with a standard deviation o = 0.18 and a correlation
coefficient r = 0.95.

Data for carbon disulphide, decalin and tetrahy-
drofuran were not included in this analysis, since
they diverged too much from the straight line.

Since we are interested to know whether the
above relationship holds for substituted pyridines,
the refractive indicies of which are usually now
known, a series of similar measurements were made
for several solutions of 3-methylpyridine, the refrac-
tive index of which is known (n=1.50) at a concen-
tration of 10% w/w, but in a smaller number of
solvents owing to solubility problems. These results
are shown in Fig. 1 (A). It is evident that all these
data fall within the error limits of the straight line
given by Eqn. 1.

The few data available on the refractive index
of pyridines show a spread between 1.49 and 1.56,
which implies a very small variation of g2. The g2
range for cyclohexane is from 4.211 to 4.435 and
that from DMS is from 4.884 to 4.987. These val-
“ues correspond, according to Eqn. 3 to HM chem-
ical shift values of 2.05-2.03; 1.96-1.95 respectively,
‘which agree fairly well with the experimental values
of 1.99-0.04 and 1.94 + 0.03, measured for several
solutions of pyridines in cyclohexane and DMS, re-

spectively. Incidentally, in some of ‘these solutions
it was possible to dissolve and detect the signals of
both HM and TMS.

From Eqn. 1 and a similiar expression from TMS

(11):

STMS/CY.ee = [(0.78 £ 0.04)g? x 10%] + (~30.4£0.2)

&)

we can obtain the difference:

(6510, —6TMS, Vet = [(—0.1310.08)g% x 10%]4(2:6£0.3)
()

The lines representing Eqns. 1 and 2 are shown
in Fig. 2, i.e. dgm/cy.,, and drpscy,,, as a func-
tion of g. If we assume that point A corresponds to
360, ,yridine With a given g2 factor, then the distance
AB represents the measured chemical shift with re-
spect to internal HM, ¢/, and BC is the differ-
ence between the two standards for that particular
value of g2.

On the basis of our previous results with
pyridines in solution with HM, we can now confi-
dently assume than Eqn. 2 is also valid for substi-
tuted pyridine solutions with TMS, at least within
the standard error of both curves. Then, given the



bciytms; = bc;yam; + (SHM; — bTMs, Jext
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A Suggestion for
Detecting Rotational Tunnelling
of CD3 - Groups
by Multiple - Quantum Spectroscopy

U. Werner, W. Miiller-Warmuth

Institut fiir Physikalische Chemie der Universitat Minster
Schlossplatz 4-7,
D-4400 Munster, West-Germany

A. Pines

Department of Chemistry, University of California
Berkeley, CA 94720, USA

1 Introduction

Recently the NMR study of deuterated methyl groups
and ammonium ions has become of interest {1], [2].
The comparison of tunnel splittings from protonated
compounds and their deuterated analogs provides ad-
ditional information about the rotational potential and
thus the structure of the methyl site in the molecule

(1], 3]-

The quadrupole interaction of the deuterons enables

thie observation of a broader range of tunnel splittings
by lineshape analysis than the dipole-dipole coupling
in the protonated methyl group. At the same time
the tunnel frequency of a deuterated compound is re-
duced relative to that of the protonated form. Both
effects contribute, enlarging the number of compounds
whose tunnel frequencies are accessible by single and
multiple-quantum NMR spectroscopy.

Multiple-quantum spectroscopy has been used in
many applications [4] - [6], one being high resolution
NMR in solids. The observation of weaker interac-
tions normally dominated by the quadrupole coupling
in deuterated systems is possible by double-quantum
NMR spectroscopy, since certain transitions are insen-
sitive to the quadrupole interaction [7), [8].

Detecting rotational tunnelling of CDj - groups with
multiple-quantum spectroscopy is a novel method of
determining tunnel splittings directly from the NMR
spectra. Even in powder spectra sharp peaks appear
at the tunnel frequency. This method is based on

properties of the quadrupole interaction and it should
be equally sensitive to all tunnel frequencies. How-
ever, the experimental efficiency of exciting and de-
tecting even order multiple-quantum transitions with
large frequencies limits the range of detectable tun-
nel frequencies to small magnitudes. This technique
is therefore a good tool for observing rotational tun-
nelling of highly hindered methyl groups or examining
systems for which the degeneracy of E states has been
lifted due to coupled rotations of methyl groups [9] or
molecular friction {10].

2 Rotational Tunnelling of
Deuterated Methyl Groups

Methyl groups experience a steric hindrance from
atoms of the same or neighboring molecules. At low
temperatures the energy of the methyl group is not
sufficient to allow the nuclei to hop over the potential
maxima. However, wavefunction overlap of nuclei in
neighboring potential minima leads to time indepen-
dent rotational tunnelling. This manifests itself as a
splitting of the rotational energy levels into A, E° and
E" states, labeled according to the irreducible repre-
sentations of the Cg point group.

The magnitude of the energy gap between the
groundstate (A) and the higher states (£, E®) is given
by the tunnel frequency vr (see also [11]). The degen-
eracy of the E states may be lifted by molecular fric-




10

tion {10]. Coupled rotations of two methyl groups re-
sult in a more complex energy level scheme with three
large splittings and a small one within the combined
E states [9], [12].

According to the Pauli principle the total wavefunc-
tion of the ground state must be totally symmetric
under operations of the C3 group. It is assumed that

the methyl group is in its electronic and vibrational

groundstate. Then the space and spin wavefunctions
¢r and ¢5 connected to the nuclei of the methyl group
must have correlated symmetries. Only the follow-
ing combinations are allowed : ¢A¢4, $E° ¢E" 9E° 9 2°
(13}, [14].

Another way to describe the wavefunctions of the
methy! group is to use direct products of space and spin

wavefunctions for each deuteron of the methyl group: -

Since the individual nuclei of the methyl group are in-
distinguishable, the wavefunctions [uvw) give the con-
nections of the spin functions u,v and w to the space
functions of the nuclei in the potential minima 1, 2 and
3 symbolized by the given order in the notation (for
details see {1]). Spin functions are labeled |a},|0) and
|3), with magnetic quantum numbers I, = 1,0 and -1
respectively.

Symmetry-adapted wavefunctions with the required
symmetries for space and spin parts are given by

A(wvw) = :/l—_é- ([uvw) + [va)+
| fwu))

1
7
e*[wuv)) : (1)

E%(uvw) = [uvw) + elvwu)+

Eb(ubw) = % ([uvw) + € [vwu)+

e[wuv))

E = e i2—7r
- xp 3 )

where u, v and w can each be ,0 or 3. .

Since tunnelling results from the overlap of spatial
wavefunctions of the nuclei in neighboring potential
minima, the tunnelling Hamiltonian H can be defined
by overlap parameters:

(¢réslHr|(E+dr)ds) = C
(¢ros|Hr| (Cs*dr)ds) = -—-A (2)
(6ros|Hr| (C3+ ¢r) 6s) = -A.

As required by symmetry the eigenfunctions transform
as A and linear combinations of £% and E® states, with
eigenvalues —2A and A respectively, giving an overall
tunnel frequency of wy = 3A.

In the Zeeman rotating frame the total Hamilto-
nian H of the system during free evolution periods is
given by: :

H=Hr+Hg+Hp. (3)

Bulletin of Magnetic Resonance

where fast rotating (nonsecular) terms are neglected.

The quadrupole Hamiltonians H 8) of the three
deuterons of the methyl group contribute to the
quadrupole Hamiltonian Hg (we take n=10):

3
51
i=1

= i ezéQ (3 cos? @) — 1) (31,20) - Iz(i))

Hq

i=1 8ﬁ
3
S gwg) (3220 — PO} (@)
=1

The electric field gradients along the C-D bonds of
the three nuclei have different angles ©() relative to
the magnetic field. Therefore the spatial part of the
quadrupole Hamiltonian differs for the three nuclei of
the methyl group.

The secular dipole-dipole Hamiltonian Hp has a
similar form and is explicitly included in the numeri-
cal calculations. It is neglected in the analytical argu-

" ments, because it is about 500 times smaller than the

quadrupole interaction.

The tunnelling Hamiltonian Hr has rotational sym-
metry, while the quadrupole interaction is a single par-
ticle interaction of one deuteron -with its associated
electric field gradient. It is this difference of the two
interactions which makes it possible to obtain infor-
mation about tunnelling from single- and multiple-
quantum spectra. o

3 Lineshape Analysis of Single-
Quantum Spectra

If the tunnel frequency is of the order of the quadrupole
frequency, i.e., vr < 2 MHz, numerical calculations
show that characteristic features in the single-quantum
spectra allow the determination of the tunnel fre-
quency ( Fig.1). _

The quadrupole interaction mixes A and E states
of the same Zeeman level. This results in each line
of the central doublet of the spectram splitting into
three lines. The magnitude of these splittings are a
measure of the tunnel frequency. This can be described
by perturbation theory.

With this method the tunnelling frequency of
[Cu(CD3CO2);] - H20 can be determined to be
610 + 60 kHz (Fig.2). The isotope factor vf /vl
of the tunnel frequencies of the protonated versus the
deuterated compound of [Cu(CD3CO3)2]-H20 is cal-
culated as approximatly 100 {1].

Even if the tunnel splitting is much larger than the
quadrupole frequency, tunnelling can be distinguished
from fast rotation. The quadrupole interaction mixes
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Figure 1: Representation of computed powder patterns
for rotational tunnelling of CD3 - groups with tun-
nelling frequencies larger (top) and smaller (bottom)
than the quadrupole frequency vg = e2qQ/h ( vr on
a logarithmic scale).
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Figure 2: 2H NMR spectra of [Cu(CD3CO3),]- HaO

measured at 27 K using a Brucker CXP 300 FT spec-

trometer at 46.07 MHz.
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the E° and E® states, which are degenerate irrespec-
tive of the size of the tunnel frequency. This leads to
the splitting p in the energy level scheme (Fig.3). From
transitions within these states the outer and middle
peaks result.

For vy < vg = iﬁg- a2 200 kHz the determination
of the tunnel splitting from single quantum spectra
is difficult, since the spectra show a broad line with
small peaks (Fig.1 bottom). It is this region where the
use of multiple-quantum spectroscopy is sensitive and
necessary.

"4 Multiple-Quantum

Spectroscopy

In order to describe the evolution of the spin system,
the density matrix formalism has to be used (6]

p(to + At)
= exp(—iHAt)p(to) exp(iH At)

= Y ({Mclp(to)|M,) x (5)
exp(—i(wy — ws )AL M, }{(M,]).

p(to) is the density matrix at time ¢o. M, and M, are
the eigenstates of the time independent Hamiltonian H
with eigenfrequencies w, and w;.

Peaks at the tunnel frequency in the spectra can
appear if the eigenfrequencies of some states M, and
M, differ by the tunnel frequency

Wy —Wws = wp, (6)

while the density matrix element for those states does
not vanish

(M, |p(to)| M,) # 0. ™

4.1 Frequency Condition

For systems with large tunnel splittings compared to
the quadrupole splitting in high fields the energy lev-
els are dominated by the Zeeman interaction and the
tunnel splitting (Fig.3). For this case the energy level -
diagram can be determined analytically. The A and E
states are further shifted and split by the quadrupole
interaction. In both the A and E systems some states
are shifted by the same amount A (compare Eqn. 9).
Coherences between those A and E states evolve with
the tunnel frequency. In all cases these are even order
multiple quantum coherences.

The eigenstates whose energy levels are shifted by A
are those for which all nuclei of the methyl group have
spin wavefunctions with magnetic quantum numbers
+1. Since the quadrupole interaction is quadratic in
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Figure 3: The energy level scheme for rotational tun-
nelling of CD3 - groups in a high magnetic field
(1/0 > vr > vg). Only the rotational ground state
is shown. A and g are orientation dependent splittings
and shifts due to the quadrupole interaction [1].
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I,, it acts in the same way on both wavefunctions.
@gw—zwﬂkq = |a)
(320 - 1) 1g) = |p) ®)

Therefore the quadrupole interaction for those wave-
functions of the methyl group can be written as a mul-
tiple of the identity operator:

3 : .
Holuvw) = E% 1 ( 31260 I2(")) [uvw)
i=1
1
_ 3((D+Jﬂ+w@0wmw
X
' (9)
for

U, v, W = a,B.

Since the tunnelling Hamiltonian affects only the space
part and doés not involve spin transitions the total
Hamiltonian for this subsystem is given by

H:HT+HQ=HT+/\I,, (10)

neglecting the dipole-dipole interaction.
The eigenstates and eigenfrequencies are then dom-
inated by the tunnelling Hamiltonian

E* E* : +A+)
A 1 —2A+ A (11)

The frequency differences are the tunnel frequency be-
tween the A and E states; they are zero within each
symmetry state as well as between the E® and E® lev-
els :

A—E : 3A=uwr
E—E : o. (12)

If the E states are no longer degenerate, the energy
difference between the E® and E® states appears as
well. '

This holds independently of the size of the tunnel
frequency, since it is a result derived from properties
of the quadrupole interaction. '

4.2 Matrix Element Condition

Coherences between the states given above can be ob-
served at the tunnel frequency only if the transitions
are not symmetry forbidden, i.e., if

(B'vw)lp(to)|A(wow)) £0.  (13)

p(to) is the densitiy matrix at the time ¢y containing
even order multiple-quantum operators. It is created
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by pulse sequences during the preparation period, e. g.,
by a simple two pulse sequence [8]. The generation
of multiple-quantum coherences involves a quadratic
Hamiltonian, in this case the quadrupole Hamiltonian.
. As an example of an even order multiple-quantum
Hamiltonian consider the double-quantum Hamilto- -
nian :

Hpg = DM + D® 4 DB (14)

where

DO = c® (13(0— I;(i)) = cQ®) (15)
p®» = ¢® (1§‘>1§*)+ 1§‘>1§‘>) =W,

The space parts C®) are different for the three deu-
terium nuclei of the methyl group, since they depend
on the space parts of the quadrupole Hamiltonian,
which are distinct because of the relative orientation
of the C-D bonds to the magnetic field. The double-
quantum Hamiltonian can create coherences between
the different symmetry states, if it contains terms of
symmetries other than A. It can be divided into sym-
metry adapted parts:

Hpq = DA + D" + D®’ (16)

with

| o

DA = (c(l) +C@ 4 C(s)) x
QW +Q® 4+ Q(a))
(cW+erc™+ eC®) x  (17)

QW 4 ¢Q® 4 e*Q(3))

TN WS

DE* =

N W0

DE = (cm +eC(2)+e*C(3)) X

(Q(l) +e°Q® 4 5Q(3))

GO

where € is given in equation 1.

Since the C(¥) differ for all three nuclei the first fac-
tors do not vanish. The spin parts can create the co-
herences between states of different symmetries:

(E®(u'v'w)|DE* |A(uvw)) # 0
(Eb(u'v'w')lDEblA(uvw)) # 0.

Because .
(E*|DE° |E®) # 0,

transitions within the F - system give rise to a sharp
peak at zero frequency or, in case of lifted degener-
acy of E° and E? states, at their frequency difference.
Here also no dependence on the tunnelling frequency
is involved. '

13

V]’ -VT
40 . 200 0 | =200 = -400
- V/kHz

Figure 4: Simulated multiple-quantum spectrum of
CD3 - groups with tunnelling frequency »r = 300 kHz
for a powder (100 orientations) calculated for the three

" pulse sequence 90, — Tus — 90; — t; — 90, — Tus.

5 _Numerical Calculations

Numerical calculations for some double-quantum spec-
tra were performed. The spectrum (Fig.4) is calcu-
lated for a three pulse sequence to excite and de-
tect multiple-quantum spectra applied to a deuter-
ated methyl group with a tunnel frequency of 300 kHz.
100 single-crystal spectra per one sixth of the sphere
are added to simulate a powder system.

The spectrum shows sharp peaks at the tunnel fre-
quency and at zero frequency. These lines are indepen-
dent of the orientation. Other orientation dependent
coherences give broad lines in the spectra. Some are
centered around the tunnel frequency peak, resulting
from transitions between A and E states. Other lines
are distributed around the zero peak. They originate
from coherences within each of the symmetry states A,
E® and E* and between E* and E® states. All lines
outside of the peak at zero frequency are observable
only in a system of coupled deuterons.

6 Conclusion

It is shown analytically and numerically that even or-
der multiple-quantum spectroscopy applied to rota-
tional tunnelling of deuterated methyl groups is a po-
tentiably useful method for the observation of tunnel
splittings directly from the NMR spectra.

This method is based on the properties of the
quadrupole interaction which acts upon spin states
with magnetic quantum numbers 41 in the same way.
It also makes use of the single particle character of the
quadrupole interaction, allowing for nonzero transition



14

probabilities at the tunnel frequency.

The method is especially sensitive to small tunnel
frequencies. It is therefore a good tool to observe sys-
tems with highly hindered rotations of methyl groups
or systems where the degeneracy of the E system is
lifted by molecular friction or by coupling to other ro-
tors. We are currently performing experiments on such
systems.
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I Introduction.

The nucleus most frequently used for
Nuclear Magnetic Resonance (NMR)
spectroscopy studies in living tissues has, until

recently, undoubtedly been 31P. 31P NMR is
very sensitive, the spectra are simple because of
the wide available spectral range, the relatively
few accessible molecules and the small number
of 31P nuclei present in each molecule. The
molecules displayed take part in the energy
metabolism of the cell (ATP, ADP,

phosphocreatine, inorganic phosphate and

sugar phosphates). But H proton spectra also
have several potential advantages: sensitivity is
high and, most important, they provide access
to many important molecules (1). In vivo
- proton NMR has developed more slowly, both
because of the major problem of selective
suppression of the water signal, and also
because of the great complexity of the 1H
spectra. This nucleus has a narrow spectral
width (10ppm) and there are many protonated
molecules accessible to measurement. Each
molecule contains many !H , and the signals
have a fine structure, because of scalar 1H-1H
coupling. All these characteristics make the
spectrum particularly crowded and complex.

II Materials and Methods.

We have used two models to study cerebral
metabolism by NMR.

IL1 In vitro model : superfused slices
rain

Detailed descriptions of the superfusion for
brain slices have been published elsewhere
(2,3,4). Our initial results were obtained using
a commercial NMR probe which could accept
tubes with a maximum diameter of 5Smm (2).
We have since constructed a special probe
accepting 10mm tubes which is better adapted
to tissue perfusion. The !H proton signal
detecting coil is closest to the sample in this
"reversed"” probe, and a larger diameter coil
allows verification of sample viability using a
31P spectrum. Samples can be kept for up to
12 h under these conditions without detection

of any inorganic phosphate in the 31P spectrum
In viv

The animal was positioned vertically in a
custom built probe. Emission and detection
were via a surface coil assembly placed on the
rat's skull.

IL3 NMR parameters,

All spectra were recorded using a BRUKER
AM400 wide-bore 400 MHz spectrometer. The

conditions for obtaining 1H 1D spectra varied
according to the model. The 1H spectra of

superfused brain slices were recorded using the

sequence:

Select. sat. - 90 - D - 180 - D - acquisition
with a selective saturation period of 0.6 sec and
D of 68 ms.
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