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General Remarks

FPurpose
# to dissemi the i ion on the techuigue and on the patential of its applications

« to bring together researchers practising fiedd-cycling methods with those who do not yet
but are interestad in applying this techndque in the future

# toform and cultivating the description of mol motions
in complex systems hy Spﬁ‘!ﬂﬂ densities tn relation ta recent condensed-mattes theories

o ization and Advisory O
. Wimmich (Ulm, chairman), B G. Bryant {Charlottesville), N. Fatkullin (Kagan),

A. . Grimmer (Berlin), F, Grinberg (Ulm), J-P. Korb (Palaisean), K. N. Muller (Mona),
D. Pusiol (Cérdoba, AR), E. Rommel (Wikezburg}, K-H. Spoho (Ulm)

Scientific Program
The symposium will consist of five sessions including plenary lectires, main lectiures,
short Jaetures and poster presentations on the following topies
« Techniques
« Dismagnetic biosystems
af ic: i and level-crossing experiments

» Polymers and liguid crystals

» Porous media and sueface systemns

Language The official language of the Symposium will be English.

The venue

“The Symposium will be held in the Magnus-Haus, Am Kupfergraben 7, D-10117 Berlin. The
Magmus-Huus is located in the old caltural center of Berlin close to the Humboldt University
and fonsstic attractions such as the Pergamon Musesm and the Stastsoper unter den Linden,
It can conveniently be reached by 5. or U-Bahn (subway), staticn Friedrichstrasse, or by bos
line # 100, stop Stastsoper.



The Technical University where the ISMAR/AMPERE conference will take place i only
thtes S-Bahn stops awny, Sightsesing spots such as the Brandenburger Tor and the {now
unveiled!] Reichstog are located just in the middle between the two meeting sites.

The Magmis-Haus is a conference center of the German Physical Society. Originally it
was built in 1760 a5 a mansion. However, already soon after its completion it became tightly
eonnected with science. The famous physicist J. L, Lagrange lived and worked heve. Later
in 1840, Gustay Magnus founded & private Plhysics Laboratory in this building. The German
Physical Society which was offcially founded in 1845 ariginates from the Physical Collogquinm
wwed to be held here,

Schedule

An informal get-together will take place at the Profs of the Humbeldt Uni-
wversity, Unter den Linden 6, entrance at Dorotheenstrnsse, on Thursday, July 30, 7 pm - 9

pm.

The scientific program beging on Friday, July 31, 815 am. The lectures and the poster
echibition will take place in the Magnus-Haus, Am Kupfergraben 7. The Symposinm ends on
Sunday, Augnst 2, at 12 am.

The registration desk will be open in the Professorenmensa during the gee together on
Thursday night, and in the MagnusHass begianing with Friday, July 31, 500 am,

Common lunch and dinner meals will be arranged for all registrants on Friday and Saturday.
The meeal tickets and the bosks of abstracts will be handed aver upon reglstration.

There will be 4 introductory plenary lectures (40 min) by Dis R, G. Bryant, N. Fatkullin,
A, G. Redfield, and M, Vilfan. The 10 main lectures {30 min} will be presented by Drs B. Halle,
A. 1. Horsewill, J.-P. Kocb, C. Luchinat, D. 1. Lurie, R N. Muller, D. Pusiol, R0, Saitter,
2. Stapf, pnd R. Valiullin. Furth there will be 11 ¢ oral icati {20
min}. The indicated spenking times include about § min for discussion.

Towes pestir seasions are scheduled on Friday and Saturday sfternoon. ALl posters will be
displayed durkny the whole meeting, The pester format ks 100 em wide and 140 em high.

Poster Prizes

A prize committes has been formed which will select the two best posters, The prives will
he swarded at dinner on Saturday night. Contrit of aral fons are nvited to
exhibit posters in addition. In that case, they will take part at the competition for the best
posters. Posters from Ulm are excluded from the contest,
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Program

Thursday, July 30, 1998

19:00 - 2L:06

informal get-together and regh ion af Humbeldt U
Unter den Linden 6, P emtrance at Doroth

Friday, July 31, 1998

8:00- W15
%16~ W30
0:30 - 10:10

110 - 10:40

10:40 - 11:10
1110 - 11:30

11:30 - 11:50

1160 - 12:20

12:20 - 1400

{steation at M Haus, Ar Kupf 7

opentng

seasion “Methods™
chair: A, J. Hopsewill

A. G, Redfeld (Waltham):
The Early Diaya of Field Cycling NMR

0. lvunov, A. G. Redfield:

Pure Quadrupole Resonance of Metal Tons and Other Species in Proteins ancd
Other Biopelymers

D. J. Lurie {Aberdecn):

Field-Cycled Magnetic Timaging - Techni and A

coffee break

J. D. King and A. D Los Seotes {San Antonio):

Application of NMR Field Cycling Relaxometry for Detection, Inspection,
ification and M of Long T i

F., Bosetto, E. Anoardo, and D. Pusiol {Cérdoba):

Fast Feld Cyeling Study of AC Magnetic Induced Spectral Densities in Doged

Gelating

R.-0. Seitter {Ulm):

A Fast Inaxpensive Field-Cycling Relaxometer: The Use of IGETs and Car

Batteries

lunch at restaurant "Die 12 Apostel”, Georgenstrasse 177-180

(I den §-Balin-Bogen)

wiih



14-00 - 14:30

14:30 - 14:50

14:50 - 15:10

10 - 1530

TR0 - 1550

16:80 - 16:20
16:20 - 18:20
19:30

session “Biopolymers, contrast agents, level erossing”
chair: C. Luchinat

R. N. Muller, P. A. Rinck, and Luce Vander Elst (Mons):
Biomedienl Applications of Field Cycling Relnmometry
A Cuakssim, A Hoch, P. Gillis, and K. N, Muller {Mons):

of Super ie Collokds by Anatysis of their Water
Pmmn Relaxation Dispersion Profiles
V. Denigov, K. Ve, H. Jéhannesson, snd B. Halle {Lund, Hyderabad):
Hydration of Biopolymers in Solution by NMRD
E. C, Wiener, H, Nakamura, A T, Tatham, and Y. Yamamoto (Urbana,
Sendai):
Noneovalent Binding of MR Contrast Agents to Proteins: Assessment with
Fiald-Cycling Relasometzy
A. G. Krushelnitsky, D. V. Markov, A A Kharitonow,
A, E Mefed, and V. I Fedotov (Kazan):
NMR Refication in Doably Rotating Frame as o Tool for Studying Slow Pro-
tein Dynamics
coffee break
poster presentation

dinner at restaurant “Zar Nolle", near Balnhof Friedrichstrasse
(5-Balnbogen 203)

Saturday, August 1, 1998

000 - G40

2:40 - 10:00

session “Biopol level crossing,
chair: B N. Muller

R. G. Bryant (Charlottesville):

Magnetic Relaxation Dispersion of Solutes Using a Sample Switched Spes-
trometer

E. Roduner (Stuttgart):

Awnided-Level-Crossing Muon Spin Resonance Experiments on Organic Free
Radicals in Solids



10:00 - 10:30

10:30 - 11:00
11:00 - 1130

1130 - 1200

12:00 - 12:20

12:20 - 14:00

14:00 - 14:40

14:40 - 15:10

LE:10 - 15:30

1530 - 13:50

1550 - 16:20

16:20) - 18:20
19:30

A. J. Horsewill, D. F. Brougham, C. 1. McGloin, and

R. L Jenkinson (Nottingham):

Proton Transfer in the Bond: T Tunnelling Studied by
Field-Cycling NMR Relaxometry

eoffee break

C. Luchinat (Florence):

yof F i Systems with other than lsotropic Zeeman Term
in their Electron Spin Hamiltonian
. Pusiol and E. Ancardn {Cardoba):
N NOR Studies in Thermotropie Liguid Crystals: T Quadrupole Dips and
Double Hesonance
J. Struppe, T. Licsener, F. Noack, and M. Vilfan [San Diego, Stuttgart,
Ljubljana):
v Tuclear Quadripol Dhigs i the Proton Spin Relaxation
Dispersion of Desterated Liguid Crystals
lunch st restaurant "Die 12 Apostel”, Georgenstrasse 177-180
(In den 5-Bahn-Bigen)

session “Polymers, liquid crystals, membranes™
chair: D Presiol

N. Fatkullin (Kezan):
Spin-Lattice Redaeation Dispersion in Polymer Melts and Chain Dynamics

B. Halle, 5. Gustafson, Per-0la Quist, H, Jéhannesson, and K. Veon
{Lund, Hyderabad):

Th ical Aspecta of som T inn in Complex Biological Systems
F. Grinberg, R Kimmich, and 5. Seapfl (Ulm):

Motecular Dynamics of Microconfined Liguid Crystals Studied by Field-
Cyeling NMR Relaxometry and the Dipolar-Correlation Effect.

K. Venu and V. 5. 8. Sastry (Hyderabad):

Nuclear Magnetic Relaxation Through Director Flictuations in Anisotropic
Media

coffee break

poster presentation

symposium dinner, awards of poster prizes
at restaurant *Zur Nolle", near Balnhof Friedrichstrasse
{58-Bahnbogen 20}



Sunday, August 2, 1998

chair: J. Strange

‘ session “Porous medin and surface systems”

000 - 940 M. Vilfan (Ljublans):
igating Liquid Crystal Dispersions by NMR Rel v
&40 - 10:10 J.-P, Korb and R, G. Bryant {Palalsean, Chardottesville):
Anomalons Surfare Diffusion of Water Compared 1o Aprotic Liguids
Nanapores
1010 - 10:30 T, Zavada and R Kimenich {Ulm):
Statistics of Surface Diffusion Probed by Fleld-Cycling NMR. Relaxonetry
10630 - 11:00  eoffee break

1100 11:30 8. Stapf (Nottingham):
NMR Relaxometry Studies of Bulk and Confined Plastic Crystals

11:30 - 12:00  R. Valiullin {Kszan]:
Surface Diffsion of Strong Adsorbates; Computer Simulations and NMR Spin-
Lattice Reluation

1200 adjournment to the ISMAR/AMPERE conference, Technical University,
Serasse des 17. Juni 135
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Pure Quadrupole Resonance of Metal Ions and Other Species in

Proteins and Other Biopolymers
Dimitri Ivanoy and Alfred G, Redfield
Biophysics Program and Dep of Biochemistry

Eunde.ts University
Waltham, MA 02254, USA
FAX (USA) T81-736-2349

If appropriate [ will ralk briefly about the early days of field cyeling
NMR in metals (1), and field cycling NMR in general {2). Then I will
review our attempt to make field-cycling pure quadrupole resonance
(FCPQR) simple and generally applicable to proteins. PQR has been
ohserved wmhcl.u field cycling in at least ane protein {of Cu(T} in Cu-Zn
Superoxid by G. Harbison's group (unpublished)), and
drupole i ions can be esti d by high-field central transition
NMR and other methods. However, we hope that FCPQR will be
useful and not too dmicult for accurate high-sensitivity observations of
Tow Qur emphasis is on the “rotating frame™
methods introduced by one of us and by Slusher and Hahn, and
developed by many others including the groups of Minier and Seeger.
We are also evaluating a multiple-level crossing method described
only, as far as we know, in the thesis of . C.-K. Koo (with E. L. Hahn,
Berkeley, 1969). These are rigid-lattice methods, and to freeze out
thermal methyl rottions which would shorten T, we operate below
507K, in a flow dewar (3). The field is cycled by sucking the sample
from the center of a 500 MHz magnet to its upper edge, about | M
above, where the 03 T field and its gradient can be bucked out with a
Helmholz coil. The temperature at the top (low field) is 2-4"K higher
than at the bottom. We expect to use protein samples dissolved in
H.0-PEG or H,0-Glycerol, fast-frozen to inhibit water crystailization
and, in the case of PEG, as a precipitate, spinning the protein down
into the NMR tube just before freezing, to get high concentration. We
have obtained promising FCPQR signals from "B and "0 in small




molecules frozen in glycerol-water glass (3). Generally, we are
hampered by short T,'s at zero field, some of which may be due to O,
that we did not remove, or other impurities. We are now trying to
understand the low field T,'s as well as other problems that may make
it hard to observe FCQPR of interesting species like Mg and Zn.

1. Y. Masuda in the Encyclopedia of NMR (Wiley 1996, D. Grant,
ed.), A. Genack, Phys. Rev. B13, 68 (1976).

2. A.Redfield in “NMR as a Strucrural Tool” (Plenum, 1996; Rao
& Kemple, eds.}, D, B. Zax in the Encyclopedia (above); Oja
and Lounasmaa, Rev. Mod. Phys. 59, 1 (1997); J. H. Walton et
al., Chem. Phys. Letr. 203, 237 (1993).

3. Ivanov and Redfield, Zeit.fur Naturforschung, in press (1998).



Field-Cycled I \ging - Techniques and Applicati

Dawvid J. Lurle (luris@®abdn ac.uk)
Degpt. of Bio-Medical Physics, University of Aberdaen, Forastarhill, Aberdaen AB23 220, UK

Introduction

A small number of research groups are wsing field-cycling in conjuncrion with magnetic resonmncs
imagicg (MRI). One use of field cycling in MRI is 10 produce images in the Earth's magnesic field [1].
Fiebl-cycling |5 used 1o pre-polarise the spins in o refatively high, ishomogerseous field. befors aliowing
1hem 1o precess in the very low, bur very homogeneous Earth's feld, with field gradients being wsed in the
wsusl manner fo form &n image, “Prepolarised MRI” is also being developed to produce 3 low-cost, high-
sensitivity MRI system [2]. In Aberdeen we have used field-cycling in conjunction with peotan electron
double resonance lmaging (PEDRY) of free radicals [3), and we have constructsd a whole-body sized
field-cyeling imager for this purmpose. More recentdy, the field-cycling fmages has been used fo measure
guadrupole dips in human subjects. The laner two applications will now be discussed in mare detail.

Field-Cycled PEDRI

PEDRI is a method for imaging the distribetion of
fres radicals in hiological samples or in animals. It
i hased on the Overbsuser offect: an NMR signal
is measured while, or after, the EPR resonance of
o free tadical in solution is ivadiaed. Under the
comrect canditions @ transfer of isation can
oceur from the electroas to the nucled, and the
INMR signal i eshanced. In PEDRI, proson NMR
fmages are obiained with and without EPR
irradiation, and the difference yields an image ; :

Showing caly the fres radical disibirion. PEDRI S0"% 1 =201 i e
produces images with superice resolution 10 EPR 1y rnd

imaging (EPRI), becanss in EPRI the resolution & Figure I: Fieid- Cycled PEDRI pulse sequence.
degraded by the very broad (~5 MHz) EPR lines of

most free radicals, The main dfficulty with PEDRI is that it must be performed ar very low field
(=10 T} in ceder 1o bring the EPR frequency below 300 MHz. for snadying. bological samples o
animals. Even so, excessive RF power deposition is problematical, since the EPR line must be partally
samurated, Field-cycled PEDRI (FC-PEDRI) addresses these problems; the basic pulse sequesce is shown
in Figare |, The EPR irradistion is applied during the evolution period at field strength B® (=3 mT) at
eomespondingly low frequency (~50 MHz). The field ks then increased for the detection period at field
strength Bo”, where the NMR desection pulse(s) and imaging gradients are applied. The length of the EFR.
irradiasion, TEP should be of the arder of the NMR Ty, to allow the Overhauser enhancsment to busld ap,
and the time w0 ramp the fiekd up to Bs” should be shorter than T, in order not o lose enhancement. Since
the EFR irradiation is applied at low frequency, its power deposition 1s low and it will penerae easily
into hinlogical samples. The signal-so-noise ratio, and hence the sensitiviry bs improved by depsting ot a
tighes magnetic fickl. We have used FC-PEDRI wo sudy the exogenous free radical proxyl carbuxylic
acid (PCA) injected into the blocdsineam of living, anaesthetised rabaits [4].

Quadrupale Dip Relaxometry and Imaging

It has been known for some fime that pregon relaxation in - B,

proteins and other bic-pofymers can be affected by —T"— =T
interactions with quadrupolar N nuclel, giving ris= to

“guadrupode dips”, which are reductions in the protoa spin- AFP oo
lamice relaxation tme ar NMR ies which RE H—th.-

comespend o the "N muclesr guadrupole resonance
transiions. This effect was stdied cxtensively by w2 Fieid-Coled IR pulse sequence.




Kimmich and co-workers, who messured guadnspole dips
in bydrated prowins. snd varioos biclogical samples
including living keaches [5], Our whole-body field-cycling
mager has recently heen used to measurs quadnupols dips
in human miscle and bexin. In order o mensure T at 2
range of field strengths, & feld-cycled inversion recovery
polse sequence was used, as shown in Figure 2. A
pedarisation field. identical to the T\-messurement field, i
applied far T* 1 bring the spins ino equilibriam. A 10 ms
adiahatic fast passags (AFP) invens the magnetization, and
the spins then evolve for T af the T)-measurement field
An interleaved method was wsed, an ddentical pubse  Figa 37 dlispersion plats of kawsan head
sequence being applicd withoat AFF at each field strength, () e forearm {solid),
woallow T 10 be calcularsd by 8 vwo-peint method: T,

dispersion spectrs were obemined of the suthor’s head and forearm (Figure 3). The timing parmmetsrs were
'ﬁ%; ms, T™“=250 ms (head) and T™*= 150 ms (arm). T, data were collected over the range 30 mT to
B0 mT, 2 bneervals of 1 mT. Quadrupole dips at 2.1 MHz (49 mT) and 2.8 MHz (63 mT) can clearly be
seen. in good agreement with previous work oo muscle [5]. An imaging version of this pulse sequence has
also been used, which allows Inversion recovery images 1o be obeained at 57.5 mT (between the dips) and
63 mT (high-fleld dip). Images of the awthor's thighs showsd considemble differences between the
imnges, most apparent in areas of muscle as shown in Figise 4.

Praton NMR Frequenay (MHz)

Figure 4: Fieid-cueling IR Images of human thighs. Left: 57.5 mT: middie: 65 mT: right: difference.

Hardware

Experiments were carried out using & whole-body sized field-cycling MRI sysiem [4]. The insager uses s
whale-hody, ferrile permanent magnet with a verticaliy-ariented field of 59 mT (Field Effects, USA), this
provides the deteetion magnetic field. Field cyeling is sccomplished by the field-compensation method: &
resistive, saddle-shaped magnet (Mageex Sciemific Lid., UK) is fined into the bore of the permanent
magnet. The field from this secondary magnet can add 1o or subtrset from the permanent magnes fekd
A switch-mode powes supply amplifier (Copley Conwols Inc.. USA) is used 1o drive the secondasy
magret; & field change of 59 mT can be achieved in 40 ms, or 30 wT in 10 ma. Eddy currents do not pass
& problem with this system, as the structare of the permanent magnet & non-conducting. Field pradient
colls are integrated im0 the ssrecture of the permancnt magnet, and the intemal bore af the secondary
magret coil ks 52 cm in diamerer. In the FC-PEDRT work, o split-solenoid coil with i 14 cm was used
For MR trunsmit and recedve at 2.5 MHz, and & birdcage resonatoe (dismeter 20 cm) was used for EPR
irvadiation at 51 MHz. The imager is controlled by a commercial MRI consale (SMIS Lid., UK). A split-
salenoid transmitireceive NMR coil with it 30 cm was used for the quadrupole dip expesiments,

References
(1] Plasinsic G, Stepisnik J. and Koz M. 1. Magn. Reson. A110, 170-174 (1994).
[2} Macovski M. and Conolly 5. Magn. Reson. Med. 30, 221-230 (1993),
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Application of NMR Field Cycling Relaxometry for Detection,
Inspection, Identification and Measurement of Long T; Materials

and A. De Los Santos
Southwest Research Institute, San Antonio, TX T8228-0510, LL5.A.

NMR Ecld cyc]mg mtammcuy has been applied to several detection,
bl by the authors. The initial
research was prompted in rh: carly 1970's by the need to reduce the time required
to obtain detectable proton NMR signals from certain explosives - particularly
RDX and TNT. The problem with RDX was especially troublesome since T; was
on the order of 3000 scconds at 28 MHz It was discovered that manually
removing the sample of this material from the NMR coil, bringing it outside the
‘magnet and then returning it to the coil allowed one {only) large amplitede proton
MWMR FID signal to be obtaimed. We had to wait 5 minutes before another such
signal could be produced, From references in the literature, level crossing of the
H[1] NMR with the known N[14] NOR in the RDX was recognized as a possible
explanation, This was mitinlly confirmed with more precise translation o known
intensities in the stray field of the Hy magnet. Subsequent measurements showed
that a reduction of T, from 3000 seconds to about 60 milliseconds at an H,
intensity which made the proton NMR frequency comeide with the N[14} NOR
near 5 MHz Thus the basic problem of rapid detection was solved and was
implemented in the l'ul:l scale NMR explosive detection system for mspection of

baggage and parcels,'* ion on this is d and d
Field cycling apparatus for use in the laboratory was designed and assembled
to allow more accurate spectra to be obtained of the T, reduction m materials at
the coincidence of the hydrogen NMR and nitrogen [14] NOR frequencies. This
v subseqne.nlly used to sludf h:xmﬂhylmmc-mmmc (HMT) and many
The T i and level crossing T)

data from those materials are prresenled

In subsequent work the field cycling apparatus was used to mnduct a study on
level crossing techniques for the quantitative analyses of proteins.’ Tests were
conduncted with the samples ai room tempersture and at ]Jq\nd nitrogen
temperature. Spectra and related data obtained I'ur HMT, Cywsww Uragil®,
Thymine, Glycine ide’, and D-6 T proph

The field cycling rel was 1 igated as a means to
identify the presence of certain plushcs in the pnsenoe of other similar materials.
This work, which will be revi d the bility to detect the

presence of nylon in other thermoplastic materials based on the T, effects.
In summary, several practical applications of field cycling relaxometry are
discussed and early work with this technology is reviewed.



The contributions of G_A Matzkanin, P.A. Homung, E.5. Riewens, and W L.
Roellwitz (now deceased) to this work is hereby acknowledged.
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Fast Field Cycling Study of AC Magnetic induced Spectral Densities in
doped Gelatins.

F. Bn o, E. Anoarde and D, Pusicl.
Facultad de il v Fisica. L idad Macional de Cardobe, Meding Allends
y}lay-nzl_n‘l‘oﬂt Ciudnd Universiaria. 3010 - Coedoba - Argentins.

Recent sudies revealed that lyotropte lquid erystalline mesephases doped with nanc-size. fmmemagnetic
partickes aguire new properties strongly related with the type of Sopant. In particider, 2 strong
mulecule intersction becomes respomsible of fister magnetic coientational properties [1]. From these
sudies, |5 can be assumed that any time dependent magnatic coupling between the ferramagnetic dopants
and extermal flelds, will be reflected in a mechanical perturbation of the molecular dvnamics, Therefore, &
e pectral density can be asocinted to this process while 2 T, sharening should be specied,

In order to inguiry abour this effece we developed diffesent fast fichl oyeling experimens
comhined with snuseidal magoetic fleld perurbadons in doped gelanins and lyouopic systems. A
reduction an the T, value was obeerved in doped gelating when the periurbing Ereguency was
coincident with the proton Larmoe frequescy. ‘l'heexpvrimﬂ ur.luuqnumm i & palarizing pulse
coexistng with the magnetic significamt ol while
the high Zesman field (04T is used |upu|muuw=pm:ym In 1 second step the Zeeman field is
adisbarieally switehed off 1o & relaxation feld while the =xternal magnetic perurhation is il scrmsting
om the sumple, Finally, the perusbation Reld is switched off and the Zeeman field & restored o the
detection Feld in vrder to acquire the NMR signal ifiguse 1) The whole process |3 repested for differens
evolution times.

Y

MAGNETIC PERTURBATION Figare |

The perturhing field i3 switched on before polarzaton and mot during the - adiabatic
demagnetization in order 1o pré-ssblish the desred conditines. Heating of the sampls doe o the
perturbing field was messured to be less than 1°C. The sequence &+ like & simple T, measuremens when the
pernarbing field is mot presene, We did oot chserve strong effects when the Larmor freguency
corresponding to the relaatian period is grester than the periurbing frequency. On the other band, in
arder 10 Increiss the magnetic sorque on the dopants, the periurbing AC fiedd is perpendicular to the
Zeeman field,  Therefore, when the pertarbing sed relaxotion spin Larmos frequencies are neaty
codsident, an energy sbsoeption fram the spin sysem panially dessroy the magretization during the
wvalution perid. Moreover, this process & superpased 10 the spin-larmice relaoxation. and in consequence.
the relaation evolution beeomes Figuare 2 shows ik il of the ina
normal T, process snd Mmmepﬁmrnulon is acnmting during the relaxation perind.
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En order 1o evaluate T, when the system is simultansousty shsorhing energy from the perturbing
field, the experiment must be doee with and withowt pertsbation in 2 doped and nondoped samgples. From
the 4 obtnired magnetizotion evolution functions. and under cermin conditions, it ks possible to build x
“tess funcrion” which s very sensiive o T, shortening dus to @ exvemally mduced forced dynamics.
Figure 3 shows compusmions! simalsed tes functions foe the simmdlar conditions of the experiment. T,
in the doped samgle at l2k['!zwtsSmsw]rheu(pemﬂmlma\smbemiuﬂmihnn.dww
famerion s very sessitive 1o 8 T, shoamening when the magsesic perurbation scrusts an the sample.

TEST FUNGCTION faw |
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Figure 4 shows the experimental test fimetion far doped gelacin. A T, sbomening of sbour 50%
e caloulated from dam fitimg. The effect was not presens using @ ssmple witkout dopsnts (the
experimental test fancticm in this case was closer to | i the whale svalution time interval).
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A fast inexpensive fleld-cycling relaxometer:
The use of IGBTs and car batteries
B-0. Seitter

Sektion Ki itat Uim

Field-cyeling NMR relaxometry is a versatile and powerful methed of ivestigating molec-
ular dynamics over a large range of time scales [1]. Tt has been applied to a manifold of
materials which show beroad distributions of molecular motions, for example proteins [2],
figuid erystals [3], synthetic polymers 4] and liguids confined in parous matecials [5].

A typical field cycle consists of three intervals: during the magretization or polarization
period the sample is polarized in a relatively high field Byp, Then the field is switched to a
lower level Hap. Within this relozation or evolution period the macroscopic magnetization
of the sample approaches a new equilibrium value. The corresponding time constant is
the spin-lattice relaxation time 7). At the end of this period the sample is exposed to
another strong field Bop to detect the NMR signal. The “relaxation field" may be varied
over peveral orders of magnitude while the “detection field™ is kept fixed 2t the highest
passible value with the RF conscle tuned to this particular field. In this way the features
of molecalar dynamics can be monitored by recording the Larmor frequency dependence
of the spin lattice relaxation time Ty, without changing the frequency of the RF part. The
range covered with NMR spectrometers of fixed flux densities is very limited, apart from
the fact that the signal-to-noise ratio (5/V e Bi'7), and the RF bandwidth decrease the
lewwer the fux density and the frequency become.

In recent years more and more interest arcse to measure nuclei with a relatively small
sensitivity, such as deuterons, or very diluted samples. Many offorts have been made
to improve the stability and the sensitivity of the flald-cycling relaxometers, resulting in
sophisticated magnet designs and complex current regulation circuits,

Here we describe the setup of a relacometer with an easy-to-build magnet and a corre-
spanding powes supply to ensare the required stability of the current,

In order to facilitate fast field transitions, and to keep occuring induction veltages as
simall as possible, the inductivity of the magnet should be very Jow. We decided to built
a copventional magnet wound from copper wire, The coil is composed of six double-
winding layer split solencids. The four inner layers consist of 2x21 windings, the two
outer favers with 218 windings have a 10 mm gap in the center. The magnetic field in
the sample volume could be homogenized by adjusting the position of the two outermest
layers, The inductivity is 3.2 mH, the room temperature Obmic resistance .46 2. The
relative inhomogeneity of the Aux density was les than A/ B = 1107, the cusrent /fiald
ratio amourits to 188.73 AT,

While the accuracy of the polarization and evolution Feld is less critical, the detection
field is most demanding with respect to strength, stubility and reproducibility. Especially
samples with & small signal-to-neise ratio require the facility of phase-sensitive desection.
A series of 13 ordinary 12 V car batteries turned out to be the best in these rogards.
In this way a stahility of about 10-% at a current of about 300 A can be achieved. The



field corresponds to a Larmor frequency of 62 MHz for protons or 9.5 MHz for deuterons,
respectively,

The current of the polarisation and the evolution field iz generated by power supplies
optimized for different ranges. Fields above 4.2 mT (800 mA) are produced by a parallel
combination of four modules Kepoo ATETS-15M, The maximmim current in thess intervals
is B A, The resolution below the threshold of 300 mA is improved by a special low
current power supply temporarily replacing the Kepeo systern, Fast fleld transitions can
he facilitated with the aid of & capacitor [6]. During the polarization - evolution trapsient
the energy is transferred from the coil to the capacitor. With opposite polarity it can he
used to drive up the current to the detection field, The switches used in the field-cycling
circuit are single IGBT modules {Semikron SKM 400 GA) with maximum currents of 400
A at 1200 V.

As the bore of the magnet iz relatively small, the RF probehead has a rather compact
design. The sample compartment with the RF coil and the temperature sensor is arranged
closely to the tune and match i Ta prevent the induction of eddy currents during
the fast fleld transients, the RF shislding has to be it. On the other hand, as every sht
warks like an antenna, one has to avoid undesired interferences from RF soarces ontside
the probe. A moltiple layer shielding with interdigitized slits turned out to be the best
in these regards. The lengih of the exchangeable sample coil is 17 mm with a maximm
diameter of 12 mm for the sample containers. The coils can be tuned either for proton or
for deuteron resonance.

Measuring both protens and deuterons, the tole of inter- and intramolecular relaxation
mechanisms can be elucidated, like in polymer melts [7]. Using deuterated water also
helps ta clarfy the han of water rel ton in biolegical tissue [3],
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Biomedical Applications of Field Cycling Relaxamatry

Rebert N. Muller, Peter A. Rinck and Luce Vander Elst
MMR Laboratory, Depariment of Organic Chemistry
University of Mons-Hainaut, B-7000 Mons, Belgium

Over the last decade, proton field cycling relaxometry has proved its usefulness as a powerlul
technique In various aress of biomedical research {1). Among other topics, tissue
characterization and confrast media for magnetic imaging (MRI) have
aftracted the largest attention. The success of this refaxation spectroscopy is related 1o the
plentiful structural and dynamic ifarmation unvelled by the relaxation paramaters of water, the
major companent of lving materals and of their modals. Used as a fingerprint of the relaxation
behavior of tissues, the NMRD profies can help in the prediction and optimizaton of the
inherant contrast of MR Images (2) and fitted with appropriste mededs they give a better
ding of the tissue and of their alteration induced by pathologies (3).

In the: context of the ization and optimization of ic and

contrast agents for MRI (4), the analysis of NMRD data, combined with infermation arising from
ather techniques like 70 and *H sp offers a i and precise

of the intimate mechanisms goveming theae agents' efficiency (relaxivilty) towards the water
pretan i , protein-binding of paramagnetic chelates and the
subsequent increase of relaxivity can be quantitatively followed (5).

The weak points of the method are

{i}  the unabdity to record transverse relaxation dispersion profiles;
{iiy  the rather limited diffusion;
{iily  the technical limits on the upper range of magnatic fislds.

Ancthes possible imperovenent would be the design of systems aflowing the investigation of
mxcised and perfused fssues and whole animals enabling the study aof living systems,
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Characterization of superparamagnetic colloids by analysis of

their water proton relaxation dispersion profiles.
A. Duakssim, A. Roch, P. Gillis and R. M. Muller.

Superparamagnetic collobds consist of suspensions of nanomstric crystals, each ane
being made of a feri- or feromagnetic domain. The field of applications of thess
materiaks i broad: they are used as confrast agents for magnetic resonance imaging
{MRI) {1}, as therapeutic agent in the context of hyperthermia (2), as well as the
basic P of ic joints and i inks {3).

In the context of their use as wm:ast agent in MRI, a precise knowledge of their
effects on the water proton rates is Yy, Thearies are
under and i flicting, they derive from the paramagnetic
outer sphere relaxation model Se'«ersl approaches have been developed which
agree with the exi of easy directions in the sup crystals and on
the oscillation of the magnetization vector. These ﬁuctuannns are characterized by a
time constant 1, called the Néel relaxation time. Some centradictions between the
thaories hawever arise about the interpretation of the effect of very small crystals
{r =10 nmj. For those materials called USPIO (Ultra Small Particle Iren Oxida), a low
field d‘sperslon appesrs around 0.5 MHz in the profie representing their « catalytic
v those profiles, called NMRD profiles (Nuclear
l'" give the ion of the water protan relaxation
la[e with ﬂae external magnetic field measured on the aqueous calfoidal suspensions.
For some authors (4), its Mgin Is the elecironic spin precession in an |satrn|:uc
However, this h Is clearly i the low fiald di:
experimantally chserved,

We have developed anocther model (5) which takes into account the energy of
anisatropy of the crystal, & factor which is known fo increase with the volume of the
particle, therefore with its diameter. This new mode! allows a perfect fitting of the
MNMRD profiles and provides various  informations about the particles such as: the
astimation of the crystal size, the magnelization of the materal and the Néel
ralaxation time. The energy of anisolropy cannot be extracted from this fitting, but an
indication about Its value can be cbiained from the amplitude of the low field
dispersion,
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superparamagnetic agueous collaids: a new tool for the investigation of the ferrite crystal
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Hydration of Biopolymers in Solution by NMRD

V. Denisov, K. Venu, H. Jéhannesson, and B. Halle
Cendensed Mutter Magretic Resanancs Oroup,

Doymmierclww'r Lu-dl.lquwy PO, Bax 124, 522100 Lund, Sweden;
e-mail: viadi Mth, s Bersil Tihse

The FFC and i feld variaton Isave been used ively for aimost 50
years [1.2] 1o study the Nuclear Magnetic Relaxation Dispersion (NMRD) in solutions of
biopalymers, The molecular basis of 170, ZH and 'H NMRD in protein solutions has besn
recently identified [3-7] with the fast exchange of int=real waler molecules (trapped in cavities
and pockets in the protein sroctare) with the bulk water (3], An additional contribution ta *H and
'H relexarion has been shown to come from Nnk pmhem hydmgm 15 iD] ‘nesz
methodolagical advances bave allowed accurate
and residence dmes of sooctural waser in proteins and DMA, with sparial resoluton aﬂneni by
designed rey of spacific water molecales (6.7,9,12,14).

NMRD data analysis and time scales. At moderate concentrations, NMRD profiles from
prosein solutions can be described by the theoretical expression {12]

By ® Roy + &+ Bl025(a) + 08 j2a)]| (1
with a Lorentzian speciral demsity function flah = 7,/ [1 + (@7, A, Fitting {1} to the observed
profiles thus allows determination of te theee [essgnna]ly mecdel free) quantities; the comelation
T, Tg the (scaled) NMRD magnitude, 847/ it = Ng57, and the (scaled) high-frequency
plateas, &N/ Ry = Ny p . For data berpretation oa the molscular lavel, knowlzdge of the
water/protein mole ratio Nr and the rigid-latice quadrupods {or dipole) frequency foe the water
molecules giving rise 0 NMRD, ap, , is required [13]. To fully contribuse 1o the NMED
magnmnie the residence time of & warer molecule should satisfy the criterton T € T
(g 5 *1p |1, where % is the rotational correlation time of the protsin and 5 is the water
orientational arder parameter, Water molecules &1 the protein surface, with residence tmes less
than ¢a, | rs, contributs to the high-frequency plateau, o
NMRD magnitude. The |70 NMRD magnitude, Mg 57, provides information an the nismber, Mg,
of kang-lived water molecules (typically, with residence hmes, Ty, in the range 001 - | j25), and
their sverage arientational order parameter, 5. Comparison with protein crpstal struensres (3-9]
showed a fair comelaticn berween Mg and the nomber of iemal (strucnural) water molecules
(Fig. 1) reeiding in protein cavities, surface pockets, and metal centers, and having low selvenl
accessibility, bigh positions! order, and stromg hydrogen bonds o the protein [B]. In sccoed with
this. quantitative changss in Ny 52 were seen when designed number of stractural water mobscabes
was removed by prowedn matstion [6,9), extraction of metal ions [7], drag binding [12,14], and
preagin unfobding [15,16], The pH-dependent contribution from labile protein hydrogens to the
M and 'H NMRD magnitede can be quantiimively sceousted for, i bath the acid dissociation
constants and the rase consams far hy exchange are known [3,10]. If this comribution is
under coptrol, comparisen af the 170, 2H and 'H NMRD can in favoursble cases vizld
information on libration amplitudes of internal wasers [11] (due w0 unequal effect of e three
Iibrational mades an the 170, 2H and 1H order parsmeters) and on their residence Emes [6,9] (due
to uncqual insrinsic relaxation times for 170, *H and 'H), A desply buried warer in BFTT was thus
found b have Ty, = 170 s and Bet to contribute ta 170 NMED at 27 °C [9].

High-frequency platenn. The pnmary contribation o the high-frequency platesu, Nap. arises
from N water molecules st the protein surface, with an svesage dynamic retardstion factor o=
;fu"wu— 1) 113]. Estimating N from the solvent sccassible surface area (ASA), o= 4 - 5 was
ousd for a mumber of small proteins (Fig. 2) (8], with Ny increasing with ASA upon protein




unfolding [15,16]. Larger proteins exhibit increass in Ny, most probably due to numerous
surface pockets, containing water molecules with subnanosecond recidence wmes (Cast local
muotions in clusters of iolernal water may also cantribute 1o this term) [8], The high-frequency
platean can ths be used a5 a measure of protein solvent accessibility and surface roughness.

Correlation time. If T, £ 55 (but %es 2 ea. | ns) for Mg water molecules, %y can be chrained
directly from the correlation time, Ty. Mean T, was thus desermined to be 8§ s at 27 C for the
structural water in RNase A [15], and 0.9 ns at 4 °C (11 ns ar -20 *C) for the minor groove water
ina ONA dodecamer [12,14]. If Gy > T, the ion time ©; provides i ion an the
protein hydrodynamic volume, imespectively of the strucoural integsity of the biopolymer (due 1o

lahile hydrogens contribition to ZH/H) [15].

1N, D)

1 0 400
Frambar of Intamal watars, Ny

Fig. | Carrelation of the {scaled) 170 NMRD
magnituds, ¥ g 52, from solations af several
prateins, with the number of internal waler
molecules identified in the known protein
cryatal structures (filled symbols) or deduced
fream rebated ceystal stroctures {open symbols),
The dashed lines comespond to the indicated
values of the avernge order parameser. 5.
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NMRD high-frequency plareau, Ngg.
obtained from solutions of several small 2nd
middle-size proteins, with the protcin
lncemhl: surface aren, ASA. The dashed

lines correspand to the indicated values of
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“Moncovalent Binding of MR, Contrast Agents to Proteins: Assessment with Field-Cycling
Relmometry™
E.CWiener*, HL Nakamurs®*, AT. Tuthas®, and ¥.¥amameto* *University of Ilinois st Urbans
Chempaign, IL USA, **Tohako University, Senda, Japas.
troduction;

We bave issed field eyeling relaxometry to measize the intzraction of & dusl labeled magretic
resonance miging (MRI) and nevtron capture therapy (NCT) probe with protems fisnd in the bleed. The
specifiz aim of this h b2 0 tmprove NCT by ing a5 wgent that aliows for

of the drug o wil s & bz, Bgron Neuaren Caihure thersoy
mmlllbmymhnthd:ﬂmam radicactive agent Io the tamor. Newtron irmdiation then
converts the agent in 1o o radioactive compeund. hlhepulbmtpnummmwblnodmeamdmhm

rldunmdmcmmmmhmdmdchm:ul i EHCT, D e used
2 of NCT, but 2 ire an. 5 priar knowled, e drug
and distribs Chie method for imit Ib[!]uuswln&lulmﬂmd‘rhc.nmmn
the [Gd] of a dual labeled npent with MRE. Magnets imeging doli lebeled
compounds 10 achieve lumor contrast The [Gd] can be calculzied ch inT, FasT,

mapping techaipess nueh 43 inversion recovery snapshes flash ¢an be used. This method requines an
unéersanding of the magnetic progertics ecnha agents ader phjl!mlnpﬂl mdmcu

We nre stadying the use of a dictt a: d
DT A-carborane) for dual MRS and NCT applications, We characterized the efficiency of the agent's
proton reluxstion by nsng a field cyeling We found to serum alhumin and

hag a kagh relaxivity, When the agent (s bound to the prratein, the water residence time Fimvits the relaxation
efficiency.
Mnlamu and Metbods:

We conparcd it i £ GA(T)-DTPA 10 2 carborene derivatve of GAIT-ITPA
The Gd-DIPA-carborane was synthestoed as d:n:ribedbermn etal.! Sobutions were prepared with
warying comeentrations of the agents dissalved in either phosphate buffered saline (PRS) or PES with
15B5A Wiy,

The Jonginadinal relaxation rates, 1/ T,, were obsained on an IBM field cycling relaxcmeter.
Nucless magnetic relaxation dispersion, (NMRD), profiles were obtained s described by Wiener, #t al.” The
mageric field ranged from 0.47 mT 1w 1.17T. Rebavivilies were determised from the slape of the graph of
14T, versus the [Gid] amdior by subiraction of the relaxation rate in the absece of the parnmagnetic ion from
that comtainng Gid and Sviding this quantity by the [Gd].

The [Gd] m each snphe was determined by inductively mass using @
Perkon-Elrser Seiex ELAN 5000 1CP-MS.
Results and Diseassion:

Carboranes wre lipophilic. W therefor sxamined if the Gd-DTPA-carborane formed micelles in the
FBS sehutson. The longitudingl relaxation rats was & linsar fumetion of the [Gd). This coupled with the
MNMRD shape indscases that the concentration rnge used wes below any possible critical micelle
congentration. The relaxivity of the Gd-DTPA-carborans ot 30 MHZ was 3.92 = 0.01 (see'mM"). Many
lipophilse agents bind 10 serum albumin. We therefor tested whether the agent poasessed difTerent NMRD
profiles in PESBSA relative to PBS alone (Figure 1), The relaxivity of the Gd-DTPA-carborane with BSA
At 30 MHZ wap 32.6 +- 0.8 {sec"'mM 7). The peak in the NMRD profile obierved in the PRS/BSA indicates
slower moleculsr wenbling of the Gd-DTPA-carborane relative to the PBS solution, Thas may result from
either sancovalent bading of the sgent to the serum albumin or from the higher

In eder oo differentiste between o viscosity or binding effect wmeddmmn

peodile of the Ga-DTPA-carbormne with the dimeghumine salt of Gd-DTPA in PBS/BSA. The NMED profile
ode-DTPAIkamepﬁkobwwdm ﬂnmﬂknhheﬁd—]}ﬂwm (Figure 2p. These data imply
that the carb binds to




Figure | Serum Albuma Increases the Relaxivity of Gil-DTPA-Carboranes. NMRD prodile at 25 C in
PBS/BEA W, and PBE,®

Figure Z. Gd-DTPA-Carboranes Bind to Serum Alburmin, NMRD prafile at 35 *C in PBSHSA of Gd-
DTPA-Carborane,®, snd Gd-DTPA,.

Low malecular weight Gd-DTPA complexes kave fast rotational correlation times, ©,, and bong:
water residenes tmes, g, an the arder of 240 ns.! For these complexes t, has el wmtm the relaxivity
relative to 7, However for Janger 7, , 7. of these ey limit s herefor examined
ﬂueﬂbﬂmﬂ,mmmlumwm 3 decreases T, and
ahoubd the pelaxivity, We observed that incressing the turpenﬁm from § 10 35 °C increased the relaxwvity,
30 MHz, from 1913 10 32,6 £ 0.8 (5 * mM)". This increase is consistent with a decreass in =, associnted.
with an increase i lemperasre.

The mlumwmedabmmﬁumﬂmtmmk\m“hm& to serum albumin
mancovalently, bas & high relaxivity, and a relatively Jong «,, Thus this agent can be used as 2 hlood peal
agent far angiography or mumar blood valume determinatéans like other agents specifically desigred m bind

40 werurn afbusnios, One may alen use this agent th [Bjand
that ome is carefisl not 1o exceed the in vivo binding capacity. Further studies comparing the relaxivity in and
om eelis e thet in serum ase underway.
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NMR relaxation in doubly rotating frame as & tool for studying slow protein
dynamics.
A.G. Krushelnitsky, D.V. Markov, A A Kharitonov, AE. Mafed®, V.0, Fadotov.
Kazan |nstitute of Biochemistry and Biophysics, Kazan, Russla
“Institute of Radiotechnics and Essctronics, Fryazing, Russia
#-mail: krusheinitsky@sci kon.u

Many techniques are belng applied for studying of proteins.

large i itions are of primary interest since these types of motions
rather than fast low amplitude osciations ere usually more imperant for bickogical function of
proteins. Field cycling NMR refaxometry has been used to obtain information for studying siow
metions in proteins and polypeptides In solid state [1-3] However, this method has a natural
limitation in that molecular motians having correlation times longer than the inverse frequency of
tha local field of the sampée are not accessible by standard T, relaxation technigues. In most
cages, the local fieid for profons is 10-20 kHz: therefore, for studying slower motions. other
approaches must be used.

The method of proton magnatic relaxation in doubly retating frame [4-8] permils averaging
of the local magnetic fisdd by means of magnetization rotation under the magic engle condition and
in this way much slower motions become accessible. In this method, two fields simultanecusty are
applied 1o he nuclear system: standard B, and a weaker fiesd B, The laner i5 created by phase
modulstion of B., and the depth of this modulation defines the resonance frequancy in the doubly
ratating frame. The spin-lattice refaxation time in the doubly rotating frame is defined as [6]:

1

o N 5-dtany+ -] b +

5 1 [fm
e [Jl— .mn,]-—- g3 mr glo;-a;,,

{—- J[m,j+— ES dalll 3By by b = M) Zb‘]

copton{l-3-e08' @, )

where N s the number of protans in the molecule; Jo) Is & spectral density of the motion, and &,
is an angle between the Internuckear vector r, and the magnetic field B,,



As shown in the equation above, T, gives informaticn conceming speciral densiies of
mation at two resonance freguencies: o, and o, The latter can be esally changed by varying the
depth of phase moduiation of the B, field within the range 200 Hz - 10 kHz. In additicn, T,,, is
sansitive to tha mation of three nucled with respect to each other, whereas the standard relaxation
Is defined anly by painwiss nuclear interactions. Thus, the relaxation in the doubly rotating frame
can be a very informative tool for selecting an appropriate mational model,

Using this method we have studied hen egg lysozyme as a dry powdsr. The temperature
dependence of T, from -130°C to 70°C was measured at three m,/2x frequencies: 1.5, 3 and &
kHz. /2= was equal to 100 kHz. Analysis of the data was perfermed using a model fres approach
assuming a distribution of internal mational comelation fimes. Lattice sums ¥'5! a7 .5l

il

23\, b, -4} and E.r,: (ze the equation abova) were cafculated from the PD8 coordinates for
= e

Iysczyme, These sums were ing powder aging and fast methwl rotation
around the symmetry axis of the methyl group to average the intemuclear Interaction,

For fitting the data, i was realized that the order parameter for different |attice sums (see
the equation abeve) can be different even for the same mation. For simplicily we used only two
order parameters that comespond to the standard second mament Zg\: and other lattice sums,

respectively. The analysis has shown that the comrelation tima for the slow internal motion has a
broad distribution and is about 10-50 we at room Eaoth de and
parameters for this mation have been defined more reliably than it was dene for the same sample
using standard T, and T, relaxation methods [7],
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Magnetic Relaxation Dilpem‘m of Solnue Uulng a s.mph Switched
R G. B hemistry, Link y of Virginia.
Charbottesville, Virginia 2290! USA

The magnatic ﬂeld dependencs of the nuclear spin-fattice retaxation rate
about

provides dynamics over a very wide
ranga [1]. Ci ints an and sansitivity have limited
of magnetic ion disparsion ta soluta spscm_ which sm often of
chemical or i We have
that utilizes two mngnﬂs and a pneumatic sample Mle system malpemnas direct
profiles.

solute epin

The high ﬂeu is provided by a Magnex 7 T superconducting sclencid medified
to withstand the stresses of an iron shield that is in close proximity. The secondary
ﬁeid is pfmlded by & GMW 4-inch eleciromagnet driven by a Danfysik Systern B000

agnet power supply controfied in a feed-back loop with & Hall prote 1o sense the

mngnoh: field. The magnet control syatem is oparated from an lnmnbmnl
Instruments Labvisw platform. The of the NMR
constracted in this laboratory and operates with a Tecmag Libra |r|lan‘nue am‘l data
systam that is controlled by a Macintosh Quadra Bm mputer thal serves as the
master contrel for the Dala 9 is largely i offdine.
Sarmples are housad In plastic containers machined to fit loosaly in a 6 mm shuttle tubs
that is activated pneumnatically using dc solenoid valves controlied by the Libra
interface. Shutlle times are generally rapid compared with setting times, but we may
coflect data 100 ms after the shuttls movement is initiated.

As in current switched aystems [2], the usual data acqulsifion eycle is to polarize
the spins in the high field, move the sample to the satefite field where it may relax for a
simultaneousty specified time, then retum it to the high field and sample the
magnetzaton, Because we detect in a static high resclution 7 T field, we may readily
resohve different chemical shifts and measure the relaxation dispersion of several

Because the and detection field is 7 T, the

sensitivity of the instrument is high and permits mulinuclear abservation of solute spins
including protons, lithium-7, cesium-133, fluonne-189, cadmium-111, The price of the
high resolution is a rather long shutthe time: Demm fields, which may limit the range of

ion rates easily with this ap , results on
elactrolytes, peptides, and protein solutions are very promising and demanstrats that
there are many new oppartunities for studying molecular dynamics over the time scale
range from 107 to 107 seconds. [3]
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Mugser, M. Blanz, R. Kimmich. J. Phys. E. Sd. instrum. 20, 43-6(1987).
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Wagner, R. G. Bryant, J. Am, Chem. Soc. 1998, in press.



Avoided-Level-Crossing Muon Spin Resonance
Experiments on Organic Free Radicals in Solids

Emil Aoduner
Institute of Physical Chemistry, Univarsity of Stuttgart, Platfenwakiring 55
70562 Stutigart, Germany
rodunar@indige01.chemie.uni-atutigart, de

Avoided-Level-Crossing Muon Spin Resonance {(ALC-uSR) 5 a tachnigue that is
closely related fo field-cycling NMR relaxometry. It is based on energetic positve
muons (', & spin one-hall elementary pariicle with a mass of one-ninth the preton
mass and a fifistime of 2.2 ps) which are available at the pons of sultable accalerstors
with a spin polasization of close 1o 100% (1) They are stopped in the experimental
samgle which is placed in an applied magretic field with the fiald direction parael or
antiparalisl o the polarization of the muons in the beam.

Upan thermalization, the muans capiure an electron fram the environment, forming &
bound state which has been dubbed muonism (Mu =u'e). This is a hydrogen-like
ane-gleciron atom, and in a chemical sensa it is a ligh! isotope of hydrogsn with 2
mass of one-ninth the mass of H, Since its Bohr radius and its ionization potentizl are
within 0.5% the same as those of H its chemical behavior is the same s that of H,
axcept when kinetic isotope effects ars |nvn|ua|:| Like H, It reacts with snsaturated
malecules by addition, for exampée with

H
- ©  —
Mu

under formation of 8 Mu-substituted free radical In which the muon is chemically
bound as & polarized spin Isbel, Tha mucn palarization is delectsd via obsenvation of
1he decay pesitron which fer reasens of conservation of angular momentum is emitted

slong the muon £pin direction at the moment of its decay,
A piot of the muon decay asymmetry & a function of the axtemally applied

Miedd reveals at figlds whers avoided crossings of magnetic
energy fevels allow the muon sping 1o relax. The resonance fields permit the
determination of the muon and proton hyperfine coupling constanis, Quanifative
analysis of the fine width and shape leads to detailed Information about the radical
recrientation dynamics on & eriticel ime scale of typically 30 ns (1], In particular, there
is one type of resonance that is driven by the dipetar part of the muen hyperfine
interaction, it is strengest in the sofid state but absent In the liquid or gas. For radicals
|n a tiu:llng emvironment {2.g. ad!ou‘had aon sun‘aoesi it may dnsa;mear with

elther by o ar by g and loss of

denanmg on the exact nature of the mation [2,3].

The effect was propesed originally by Abragam [4] The relaxation =t avoided
crossings is commaon o the fiekd cycling lechniques, and therefore the theories about
line positions and shapes are basically the same. The difference is that owing to the
high genuine peiarlzation of the muons no cycling of the field Iz needed. Furhermeors,
the read-out I via a single particle counting technique instead of an induction coi.

ol



A typical example of an ALC-uSR sf obtainad for ey i radicals in &
benzens-loaded ZEM-5 zeolite at 234 K, is digplayed in the figure. The line neas 1,88
kG iz & muon spin fiip transition which is present only under anisctrople conditions,
the cihers are muon-proton spin flip-flop transitions which are seen also in the liguid
or gaseous phase. The line shapes demanstrate that the radical perlorms fast uniaxial
rotation about an axis pempendicular o the melecular plane, and the line widths show
that this rotation is superimposed by some type of wobbling which leads to an
extsneive but not Eotropic averaging of the hypedine anisofropy. The wobbling
amplitude decreases below ca. 100 K, and arcund 50 K the entire motion freszss. In
a copper-loaded zecke of the same structure a strong additicnal resonanca appears
due to & smell hyperfine intsraction of the unpaired electron with the copper nuclews
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The will be duced, and its li for studying
structure and dynamics o{oruannc free radicals in the solid phase will be discussed,

[1] E. Roduner, Polarised posifive muans probing free radicals: a variant of magnelic
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Proton Transfer in the Hydrogen Bond: Incoherent Tunnelling Studied by
Field-Cycling NMR Relaxometry

Add, Horsew(ll', D.F. Brougham, C.J. MeGlain and R.L Jenkinsan
Department af Physics, University of Nottingham, Nottingbam, NGT 2RD, UK

Introduction

The motion of atomic and molecular pasticles under the influence of o potential energy surfsce is
ubigquitous te condensed matter science. In particular, the quantum mechanical aspects of the motion are
of fundamental importance becsuse the wave-like nature of the particles permits barrier penetration by
tunmelling processes. We bave invesipated the proton tramsfer process in the hydrogen bond, one of the
most findamentsl chemical resctions.' In this system, the small mass of the proton, fogssher with the
relatively small miclear displacements involved, mesns that guantsm mechanical umpelling contributes 1o
and often dominates the reaction dymamics. In many svstems, in particular in those of binlogical imerest
sach as the nucleic acid-base pairs, there exist two tautomer structures comesponding o the minima of the
double well potential energy surface (PES), which governs the transfer, The correct description of the
PES and the evaluation of the dynamics on this surface are required for a quantitative understanding of
this rezction and motivate much experimental and thearetscal work

A direct measurement of the frequency spectrum of the stockastic jumps of the protan in the hydrogen
bond cxn be made by QENS and field-cycling NMR relaxometry. ™ In both cases, the recorded specira
charncterising the frequency spectrum of this dynamics exhibit Loremzien lineshapes with linewidths
determined by the inverse comelation time for the motion, t' We shall demomstrate the
complementarities of these different methods and describe the temperature dependence of €. i proton
transfer systems, Thesse cover the parti mange in which the
transition from direct tunmelling at low temperatisres to o rate pracess characterised by an Arrhenius law
at high tempesatures is abserved.

Experimental Results

The i on the rates and frequencies that cb ise the motion is encoded within the puclear
spin relaxstion properties. The proton spin-lattice relaxation rate, T, is the Fouries Transform of the
dipolar correlation function and for a powder sample represents the superposition of two Lorentzian
spectral density fanctions with widths in the ratio 1:2 and amplinedes in the mtio 4:1 25 fallows,

e )=Cpp,

——te | Cpp [, v )+ 4L (20, 7, )] Equ.d

@y = B, is the proton Larmor frequency in the externally opplied magnetic field, By, The modulsticn of
the dipalar interactions determines the constard, C, and p, and py, are the populations of the two tautomeric
fiarms, In Fig. | the dispersion of the proton spin-lsttice relaxation rate, Ty, in benzoic acid ot 136 K
recorded by field-cycling NMR is platted, The data have been reflected in the zero fequency axis os &
visual sid  The solid line s the it to the superposition of two Lorentzians, Eqn. 1, and the two individu]
spectral demsity components. arising from the ft are ilustrated by dsshed lines The FWHM of the
L{2t,%.) line determines the inverse corvelation time, 7. = (1.2240.02)<10" 5 From the temperature
independence of this finewidth we have shown that the dynamics are dominated by incoherent
tusnelling ™ The quality of the it in Fig | supponts the assumptions made in developing the two-site

0



Jump model leading to Eqn, 1, in particlar the stochastic nare of the proton jumps exemplified by the
expanential form of the dipolar correlation functions,

In Fig 2 the dynamic range accessible to the fisld-cycling spectrometer &t Nettingham is illustrated by
messurements of the spectral density for prowon transfer in four &fferent carboxylic acid dimers. The

& sup discting magnet with an inductance of 0.2 H, a maximum B-field of 3 T
and a field switching rate of 0.7 T 57
Figure 1 Figurs 2
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The high resolution of the fisld-cycling NMR technique has ensbled us to messure the isompe effects
associnted with the mecled of the heavy aroma, O and C, on the skeletal framework of the molecule. The
proton transfer process involves displacements of these beavy atoms, in addition o the displacemests of
the protor in the hydrogen bond. The manelling rate is highly sensstive 1o the mass of the quasi-particle
that is associsted with the tunnelling co-ardinate, so this cxperiment is important in the comext of the
multi-dimensional description of the PES.
The effect of disorder in the crysals hes been investigated using samples that are doped with low
ions of irutis i ities; the proton transfer dynamics and PES of dimers within the
sphere of influence of the impurities were affected and mensured. This experiment has provided insight
imo the mmnelling behaviour of rwo-level systems in disordered materials and, becsuse it has been
underiaken on a system that is well characterised in the pune form, it is important 10 the methodology,
imerpretation and dsvelopment of field-cycling NMR in disardersd systems.
Addstional applications of Field-Cycling NMR Relsomesry to & variety of proton transfer systems will
be discissed

This work is supported by the EPSRC.
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Relaxometry of Paramagnetic Systems with ather than lsotropic Zeeman Term in their
Electron Spin Hamiltonian
. Luchinat

Degartmess of Soil Science and Plant Nutritian, Usiversicy of Flarence, P e delle Cascine 28, 40143
Florence, Haly, and Europesn Large Scabe Facility on NMR of Farsmagnetic Biomolecules PARARIC,
University of Florence, Via G. Cappani 7, 50121, Flarence, , Italy.

E-mail: bachinanElrm. & cor it

The advantsges of relaxometry (or nuclear magnetic relaxation dispersion, NMRI) a5 &
toal are paris d for p ic systems. This fact derives from the general
feature that muclear relaxation in & paramagnetic system is usually governed by a sum of spectral
densities comtaining the naclesr as well as the elestran Larmes frequencies. As the two associated
dispersions are about three orders of magnitude far from ane mnather, only field-cycling
i passibly supp d by high-field i permit to effectively cover both
EMM.mmewmmﬁmmmWﬁmm@hHmﬂme
comstituted salely by an isotropic Zeeman ferm hns been developed by Solomon (1) for the
dipolar ; for the contact i iom, (2) and Gueron (3) md Vega and
Fiat [4) for the interaction with the time averaged electron magnetic mament. En mssmy real cases,
the elestron sin Hamiltonian is more complicated, and the classical theory breaks down. This is
expecially smiking in slow-rotating systems, where the role played By other toms in the
ittoninn, that are often ani i, is enh: d {3.6).

We have been inferested for many years in biolopical macromolecules conlaining, or
interscting with, paramagnetic mesal ions, (7.8} and found that in no case the NMRD of thess
systems resembled the thearetieal predictions. These observations prompied us to ivestigate the
origin of the breakdown, and o develop the proper equatians, The aim ws ta i) fll in the missing
perts of the theary and 1) exploit NMRD 1o exmet quantitative structural and electronic
infarmation an the biological systems of mterest.

The vrioizs cases imvestignted will be presented according to the specific term in the
tlectron spin Hamiltonian that needed to be infroduced, First, the anisotropy of the g-factor will
be discussed (%) this case had been considered in the early literamre (10} but the treatment was
ot valid in the slow-moticn limit. Hyperfine coapling with the metal macleus atself if often
present und geaerally impartant (9,11} bath the isotropic and anisotrapc casss have been
develoged (%), Then, the effect of static zero field splitting (ZF5) has been taken into account: A
permurbative approach (ZF5 >> Zeeman) valid for 5=1 (12) bas been imitmally followed and
extended 1o S=32 (13,14) and larger (15) spin systems. Later, mumerical progrums were
developed (16} to account for the whole NMRD profile through the region where ZF5 <<
Feeman, The program, in its present version, can caleulate NMRD profiles of systems containing
aisotregic Zesman and both hyperfine and ZFS torms. More recently, the effiect of ZF5 has alsa
been independently imvestignted by Sharp (17-20), Fmally, the case of isotropic hyperfine
cauplitg of the p cenber with & secand i center hes been warked out (21}

An important parameter in meclear relaxation induced by paramagnetic centers is the
electron spin relaxation time, 1, which, especially in slow-ratating systems, ks often the relevant
comelation fime for the clectrom-muclear interaction (5,6). Electron relaxation is also a
complicated phenamenan per se; the early treasment af Blombergen and Margan (21) of electron
relaxation 85 csused by medulation of the quadratic trensient ZFS showed that t, can be field-
dependent. Rubinstein, Baram and Luz (23} then shawed that for § > | systems more than ane .
should be considersd. Finally, Kowalewski et al pointed out that the Redficld limit may not
always hold for electron relaxation and consequently it may oot be possible to sven define ©,
under these conditions (24-26). A computer program that calculates nuclear relaxation in the
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presence of both staric and transient ZFS, that is valid bevond the Redfield limit has been
eveloped by Kowalewski et al, (24-2). Au early comsparison of the Flarence and the Stockholm
programs showed thas the rwo reatments wers in agresment i the Redfield bimis. Since then,
efforts have been directed 1o define an effective t, that could be sl used as & parameter ourside
the Redfleld limit (27,28). Recent progress in this area will be illustred (29)

Eleciron relaxation in dimetallic systems bas alse been addressed. The tmportance of
dimetallic systems m bomolecules is increasingly recopnized (300 We have developed & simple
thearstical approach to estimate the alteration of 1, of 2 metal whea coupled 10 snother metal, in
the assumption of isotropic soupling md in the sbsence of other electm relaxasion mechanisms
that may become opemtive o the pair (31).
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YN NQR STUDIES IN THERMOTROPIC LIQUID CRYSTALS: T}
QUADRUPOLE DIPS AND DOUBLE RESONANCE!

D.1. Pusicl’ and E. Anaardat
Facultad da ica, A ¥ Fisica, Universidad Nacional da Cérdoba,
Cludsd Universitaria, 3000 Cardoba, Argentinn - w-mall: pusiol@fis, uncor.sdu -

Niclear Quadrupole Rescrance [NOGR| spectrm in Liquid Crystals (LCs) has been
establisbed to bo n pawerul techaigue for studying local molecular ardering 11, 7). The
main dua vo the assy thie NOQR micled spectrum in comparison
with the always complex pretan NMR specirs. Conventionnl NGOt experiments in liquid
ﬂ‘jﬂu]hnummophnmhmbm Up 10 now ursucemsful muinly becsuse: () the relative

s v s e ai LC malecnles, und & the strang
ﬂmgng nfth:deckic Seld pradionts (EFCe} st the quadropale sites. However, NOR
s been indiresctly messired via two similor peotan Besman-gandrupele cross relanson
technlgues: de., 1) by cromsover relneation in tho Inbarsteey frasme ot & fxed redaarsan
perind (COR) (1] wnd 4) by the digs In the spin-l (G0
13,4, 5, 6). In besh techniques the Mmmsgnauc field 5 mndmu'axmpwlde
enmugh to overlap both the q pale anid rw I systens, G
NOQR mnunu!fmnthe@mnmud-mmdb;nh:&mmﬁad_[n
salids the unperhurbed NOR spectrim can be abtermntively recorded from the semo-ficdd
Nuclear Quadrupale Double Resosanes (NGDOR) technique [T, The experiment invoives
ot Fast Fisdd Cycling NMR of protees together with the irradiation of the quadppols
N puclil by meass of & second radicfrequency just during the period of zec-mametic
field, As dipolar intaraction hetween protons and niteogens is quenched st zero field, we
e the 4pin mixing by level crossing [DGNQDOR) puommls] [ ans knowledgrmnent
NOQDOR was not. previeusly carred ous s not-solid material.

The phensmennn, referred o QD B due 1o 5 rsanant efect. oosarcg when the
Zeemon levels of o spin specie (P8} snd the combined quadnapalnr and Zeeman levels
af o quadrupolar spin system (for nstance, "N or 25 mateh, Compared with protans,
quadrpolar micle are in general strongly coupled to the lastice and their spin-lartice re-
lnuation rute is much faster. A net Bow of energy takes place from prosoms to quadripriar
nuchet and then 1o the lattice. The comequonce of this rsonsnt process is an increment
in tlee proeon eelaxstion mee This effect produces a dip in the proton Tyle) dispension
profibe. In the case of spin [ = | oucle sensing an EFG with pan-zero ssymeetry pa-
ramoter, thres QD are generally sxpected: one at bow equency i o doublet at higher
Ireuency. The digs have bean previously sheerved in palyvingl chiaride [9], plastic cye-
talline phozes of CFCICECT [10], hydrated solid proteiss, polypeptides, DNA, sme
livirsg systems [11].

LChQDOELmhn: ﬂmml.wlly [ast field cycling and twa different. radicfrecaency
coeaist oo throe different phases: polnrization
of the wn(.ﬂ: ievadiation of qund.rupnle tronsitioms ot zero-fiekd and detection of proton
nclear magnetic rsonance (NAMR) signal. Turing polarstion the apin svseo 5 allowed
to peach thermal equifibriom with the high magrets: Geld s the lattice temperatiire,
Inaammdemv themwnalﬂqld.nadubwmﬂy switched off, and an allowsd N

d with s gulsed Efthe RF
in cviincident with the quadrupale teansition ope, this can be sturated. The irmdiaton
pericel might be of course shorter thon proton 7 at zero field. At the end of this phose,
the BF pulse is switched cff and the mugnetic field is seitched on again, During Taising
and Towesing of the external feld, all N guadripole transitins e “bvel crossed” by
the Zeeman splitting, and thermal contnct berween the different spin svstems tukes place.
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Thermal cantact can be very effective in spite of the arcurrencs of multiple quantizn
‘trarssitions m addition o Lhe single cnes. When this happens. palarizacion |8 transferred
from one spin system to the other. 1 0 quadrapale transition i satirntid, pmmevm
polarization is partially destroyed when switching on the feld, and i consequence, the
peoton NMR signal st high Sald during the desecticn step will b smaller thas without
the quadrupols Jevel satarasson.
WMMMMN&{RW&(FF{}Jmbmd.mnup:umydmgudd:
eored 0.5 T Lo e magnetic feld switch and
eoateod was entirely bome-made in our Laberatory |1:|marn& Additicanl pulsed cails
arn ased for shimming the detection magretic Seid. The earth magnetic Geld is compee-
antod by an eosrnal pair of de drives Helmboltz colls, The relacasion field B, was resead
Ty atvemrnt of 1 doubile resanancs sxpericent in & sampbs of wates where no QD takes place,
Diuring the relocation period, the water is irradiated with & secand f pulse of frequency
¥ Absarptica of the seond Ercuency is produced just as the relatkon 18, = w, is

“Mwhmmwamm&nfwmmhﬂﬁ[mm AD0kHz} and 0.1
T {8t b = 2 MHz) respectively. Very fire adjusments of the B, electronic contrel wore
necessnry before reaching the fnal performance. The double resonance spectromatar is
& medified version af our homemads Fase Fisld Cycling refavomeser. The same o ecll
s umed for iradistion at both ¥ and 1. A teed reloy bank connects that coll with the
Tepective high and low frequency resomnnt ciscuits.

Careful measurements of T}(w) at the Larmar frequency rangs froem 3 kHs to 4 Mhe
i the Smectic C md Nematic mesophases of 4-4'-bis-heptyloxy-azoxy-bensene. Arizing
bmnmaQDvMommms relwm—; pmﬁle. Mﬁwb«i quadnupole spectra were

were nls adquired by
teeane of the LONQDOR technigue. Making the Terman perturhation reductions, spocrs
abtainied by the twa techmiques match very well. Thres chemically imeguivalent Nitrogsn
‘masche have heen detected, denceing the existence of two son-squivelent moleculs, We

Lds that & [dmarie) b msneinted with the el Tiguid
cryszallime unit [14, 18, 18]
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Deuterium nuclear quadrupole resonance dips in the proton
spin relaxation dispersion of deuterated liquid erystals

1. Struppe’, T Liesener, F. Noack.
Physikalisches Institut der Universitil Stuttgary, D-70550 Sutgart, Germany
t Department of Chemistry and Biochemistry, University of California San
Diego, La Jolla Ca. 92093, USA

M, Vilfan
J. Stefan Instivute, University of Ljubljana, 6111 Ljubljana, Slovenia

The Proton spin relaxation of selectively d nematic liquid crystals like
SCB-dy ; reveals at very low Larmor frequencies (20 -50 kHz) resonant proton

i plings (“q s dips”), where both spin systems exchange
energy. Similar effects were previously observed at much higher Larmor
frequencies (50 — 300 kHz) for non-deuternted liquid crvsials with nitrogen
bonds and ascribed to & resonant profon — nifrogen interaction. The analysis of
the *H-"H dips in comparison with the ""N-'H dips [1,2) demonstrates however,
that the main mechanism responsible for the number of resonances is guite
different in both systems. It is the dipolar line splitting Av in the case of
deuterium [3] and the asymmetry 1 of the electric field gradient ot the bond in
the case of nitrogen, respectively, The angular dy 1 of these dips should
support this finding. A final analysis however, has not been done yet,

[1]1D. Pusiol and F. Noack, Liquid Crystals 5, 377 {1989).
[2]1D. Pusiol, R. Humpfer and F. Noack, Z. Naturforsch, 47a, 1105 (1992).
[3] Th. Liesener, Diplomarbeit, Uni-Stuttgart {1993),
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Spin-lattice relaxation dispersion in polymer melts and chain
dynamics
N. Fatkullin
Department of Molecular Physics, Kazan State Universicy, Krembevskayn-st. 18,

420008 Kazan, Tatarssan Fosia
email: nail faskullin@ksu.m

The well-k and mest influential {reptation model predicts a frequency dependence
of the spin-lattics relaeation time T3 o w™ ! in entangled polymer melts in the wide frequency
range T, = w % 5, wheee 7, is the segmental relaxation time, & = 7 & the Rouse
selaeation time, N'ix the number of Kuhn ssgmenty per chain 1] This power-lnw dependence
fias quever been ohserved in NMR relaxstion experiments [2 — 5], despite the brood frequency
Tange acoensihle with existing scperimental techniques; w/2r = 107 = U0® Hz Typical attempts
ta explain this situntion are the following: “When a monomer goes back and forth, and comes
back 1o it original position, it recovees the original afignment i the tube ls very naow (sur
2 A dismeter). This would then lead to interesting memory affects. Unfortunately, the tubes
are pch wider [~ 50 A}, Then the alignment upon return is completely decaupled from the
atiginal allgnmens, The low w featuzes (of NMR) do not reflect reptation” [5]. Briefly speaking,
tha Tj-dispersion does not teveal global chaln dynamics,

The muén experimental support for the repeation model comes from neatzon spin echo {NSE)
technimues, dealing with a time window of 1 — 20 ns [7], which is adeguate for the crossovar
egicn from Rouse behavior to entangled dynamics. The T)-dispersion time/ froquency window
in ovidently much bronder than that of NSE. It ssems to be extremely surprising thar NMR
Ti-dispersion could not see what NSE can see. In our peesentation, this situstion |s discussed in
datall, We argue that NME T} i fawee: 7 eompared &0
other techniques for the following ressons:

1. For frequencies &7} = 1. corresponding to Ty > 1077 5 as o rde, the approxdmation of short
carrelation times is applicable with high sceuracy. This provides thearetically well-defimed
apressions for the spin-lastios Trlaxation rate T

2. For tamperntures of interest. T 3 10F* K, due to weak interactions of spins with an externnl
magmetic fiedd and with each other as compared to the thermsl energy, the high-temperatire
approxhmation with respect to spin vartables works with an extremedy high noourncy. This
allows 10 deseribe T in torms of dvnamienl pair correlation fanctions, which nre the
simplest. ones for theoretical interpratations.

a3



3. 'The mdstence of Intra- and intechain dipole-dipole i i butions to 777 al-
lows, in principle, the investigation of single chain and twochain dynamical corralations
separately using deuteron NME cechniques.

Moreover, recently we farmulated the Twice Renormalized Rouss Moded which parfectly describes
NME properties of entangled polymer melt= 8]

Financied support by Destsche Forschungsgemeinschafl and Ruossian Fond of Fandamental
Research (geant N 08-03-1307a) 35 gratefully admowledged,
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T Aspects of ion Dispersion in Complex Biological Systems
Bertil Halle, Stefan Gustafsson, Per-Ola Qruast, Haukur Jéhannesson and Kandadai Venu

Comdensed Marter Magneric Resomance Group, Deparmmt of Chermismy,
Lird Unfversicy, P.O. Bax |24, 5-22)00 Lind, Sweden
E-mall:

Berril bl fema. b e
Muclear magneric relamati (NMRD)
ﬂtﬁ}umumdmmnrmpuxhnlmmmutmmameMmmlum uiil
Eeleyer membranes, and tissues, Within the mationad. g regime, the svailabk

contained in ane {soiropss Nuids) or several (asisoropse flads) spectral density funcrions [.EDHJ In the
wr.mgly muptedsymmmem ere, the ST Is usually soer-LossaLsian with e dispersion

i be measered by the fast feld
cyeling (FFC} echnique, their oes i berms af mi structurz. ani
dynarsics can be highly noomrivial. This lecturs addresses tiee aspects of the insepeetaion probiem. In
each cise, pew (Recoeticad resulis are presented and pplied o NMED datn

® A model-free approsch & presented foo amlyﬁng stseiched relunatiun dspesssan profiles in s,
where a mi ic masdel i nat = af this appraech i the unambiguees
sepy Pt coliby i s { the SO

» A theoretical deserpiion is presesied of spin relaxaricn induced by elustic dksomions i a mulilameliar
atgck of Mk membeanes. In panticular, it is shown how the sehde effeets of anescasdonal comelations
and memhrase coupling give rise 1 the wellnown Lo Sepersion.

® A non-pernurhative thenry of spin relaxatian in semisolid sysems is described that is vabid under
coeditions whese the standerd motinnal-narmeaing theory bresics down. This theory & rebevant for
imderstandmg the molecular basis of soft tissue consmss m clinical mAgnete resonance imaging {MEL

Model-Tree Analysis of Sirewched Reluxaiion Dispursions [1]

In water “H NMRD studies of sofutives, the rel i i i
‘aver a wide frequency Tange and therefiare cannol be d:uhas'uya!.wnmnn EDF .q el frar
approach for analyzing sach v profiles s descnbed. Ui p fitiing

procedures, the model-free approach i hased on rigomes heary and produces parameters with well-
defized physical significance. The model-free approsch & validssed with the =id of syntethic relsxatscn
tta, shuwineg that ie is robust and accerar, and i then applied to new water 'H NMRD data frum.
sohanions of the protin bovine pancreasic trypain snhibinr (BETT). By separating the stanc @l dysals
i i Ihe the madel ik el

vbszrved in BPTT solations is due iy a showing down of i with Eile change
of protein stnactere. An analysis of te sme lﬁmmlﬂmnfnﬂ!mlnu]dq;:mm functaon, first
mb; Ha.lhpundx.mnqg' i differemst picture. tha this

s do nnt have the physical meaning
mmll)':amb!amlh:m

Relaxation Digpersion in Lamelar Flaid Membrase Phoses [2.4]
The crientatinn and frequency dependence af nuckar spin relpatian rtes can provide detailed

|nfwnumnmwiux|mmlmdumuusalmalxm [ idirzsme n
he ) disper from a phase of fid
i .‘m..nwmmme firvces. Such datn have usally
been anslymei in et of which igmores the migusl



coupling of the exdividml membranes. Amenrvnfanmulaummnumﬂhymawmplmn: long-
wavelength slaste distortons in a mnm«m b theary shaws
L membrane coupling con in refsarion i via it =ffect on the amplinud
ani rates of mesvhrane mmmonmude&Aph;stanazﬂnrlh: resulting, rarher inmeate, spis
relaxation hehaviar i provided by analyzing the spatial correlacion function for the bocal membrane
irientation. We find that the decay of this function imvolves mwo camelation lengis: one is relssed w
imeerncrions with the ren the other fuctuaticn modss in the

stack. This anal; plains why function bas the ssympaatic foms
1."-mmihswwlmsmmmmuwmnryuawummdwd
*Hand M'p i 0 new “*Na relaxasion dama froe
muﬂyslah'lusihm:lkrp]mr_

Theory of in Semisolid Systenss [8.4]
In isomrapic salutkans u(blwmculutn(w <@ IMD&MII ndmnmdzpmdnrpmwnn
raged b eera by bi B
Smﬂnhmnlam.l:;mammhdmhlmnﬁﬁuwm(u[ﬂﬂwwwﬂmnuﬁemanml
mandomization of spin couplings in intemal d Jak rought kot by
axghemge imo the bulk warer phase. If the exchange rue is i idual coupling,
ww'-er mmmmmnnam;mmnnumm"mw-mMamm
¥ st be med. i the rockastle Liauwille equation, &
gﬂum\h:ndlptarddrm\hvﬁmm\mu 5 duu:dum: L persion under such
conditions, If thers is a hroad diseniu proting), the 7H melaxation
:hspelsmnwﬂkmmdwwwmwmmwmmmmu{mdm)
quacrupole conpiling frequency. The fapp the disprsi file s
mmmdhmmm@wm umnmmnrmmmm
structure. This hebavior has been ubszrved wil with highty
protem sobmicns. s|m||.wmm|d=mnns apply to dipoder TH relaxation in semisolid systems, and are
for e contrast in MRI firages of soff tissues.
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Molecular T ics of Micr fined Liguid Crystals Studied by
Field-Cycling NMR Relaxometry and the Dipolar-Correlation Effect

F. Grinberg, R. K.mm and 8. Stapf
Seletiem K staet Ulm, BIDGD Ulm, Gormany
a-mgil: furida.grinbergfphysik onl-uln de

Confinements by pores produce strong effects on order and dynamics of eolective molscular
motions in lguid erystals, Field-cyviing ‘I'MR—rd-mmstry' &ll.oww oue to probe orlentationa] diree-
tor fuctuations (ODF) which represent & latti som of liquid
crystals? at frequencies below 107 — 10f Hz, The Irm-E(eq‘umcy scale accessible by this method
however ends ot o few KHz. Recently, a new technique based on the dipolar-correlation effect!”
{DCE) on the stimulated echo has bean muggesed allowing ane to monitor slow dipolar correlations
om the time scale from = 10* 5 up to the order of spin-lattios relaxation times, The kow frequency
range of the feld-cycling relaxometty can thus be extended by additional 3 orders. In this work we
report the application of the Asld-cycling NMR-relaxometey and the DCE to studies of ordering
effects and slow director Suctuations in » nematic liquid crystal £'-n-pentyl-4-cysnobipbenyt (5CB]
confined in poross glase.

Figure 1 shows frequency (v} of the spin-latt 1 time (Ti} of 5CB In
bulk and confined in Bioran glasses with pore dinmeters 30, 70 and 200 om. The data refer to
303 K and 316 K. Above the isotropization tempernture (T, = 308.5 K}, only fnt dispersions
were cheerved both in bulk and confined sampies. Below T., a square-root term charseteristic
for th 2 ODF domi the spin-latis 1 iom of baulk 5CB in the kew-frequency
sange’. Dispersion curves of confined samples axhibic sudden sharp changes fom o towards o7
law 8t frequencies below the MHz-range. These changes cannot ba aseribed to loeal field effecss,
which under certain ClECUBtANCES may ‘mask contributions of d} nasnical processes to spin-lattice

o at Jow This conclusion it based idlths of the confined samples
increasing with pore dismeters from 6000 Hz at 30 nn to 7000 Hz at 200 nm. If focal fiedd effecta
were refevnt they would become stronger (or at least not weaker) at higher froquoncies for bigger
pares. Hewaver, the finding ls that she devintions from the square-root law appear rather at Jower
frequences for bigges pores, The observed behaviour of Ti-dispersion curves in confined ssmples
st therefore ariginate from the lack of long wavelength fuctuations i the ODF spectrum due o
finite pore sizes. However, abrupt cct-offs lmposed by pores, that is, the absence of any fuctnation
modes with wavelengihs higger than the pore size, would result in low-frequency platesus of the
dispersiom curves, In the investigated samples, instead, a clear tendency towards the o*-law typical
for single-correlatbon-time processes was observed. This indicates that one or & few Buctuation
modes mervive at the low.frequency end of the spectrum of dirsctor Auctuation mades,

The modes below 10" Hz raveal themselves in the DCE-studies, as shown n Fig. 2. The

messured quantity |5 the quotient of the stimulated and the peloucy schoes® & o
hmmun of Llw time interval [ry) in the standard three 90%-pulse sequenes /2 =1y = 72 =1 - /2,
Abowve T, the quotient of all bulk ard confined iles equals & constant value independent on 7y, 6
expected for isotropic liquids, whers dipalar interactions nre avernged out by fast stochastic motions.
Below T,, the attenustion curves reflect director flustustions on the tme scale of the mterpubse
spacings. The attennation rate of the quotient exhibits o strong dependence on the pore size. I
iz determined by the mean squared fectustion of the dipolar coupling constant characterising the
distribution of direcear fuctuation mode®, The men squared fuctuntion decreases exponentially
with decrensing mean pore diameter.
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Fig. 1. Frequency dependences of the spin-Tettice relaxation time of 5CB in bulk and when confined
i Biaran glasses with pore diameters 200 om, 70 nm and 30 nm. Fillad symbols raéer to the nematis stars
84305 K, open symbals refer to an isozopic state as 316 K, Straight lines serve ns guides for the resders

Fig 2. The quotiest of stimulated and the primary acho smplitades of bulk 508 and when confined
in Bioran glasses in dependence on 7. Filled svmbals refer 1o the nematic state ot 307 K. Open symbicis
tefer to & tempernture abave T,

This reflects the decrense of director fuctuations caused by surdace interactions which dictase fixed
local orlentations of the motecules and thus hinder spontanecus fluctuations. The critical mean
pore size for the cnset of bulk behmiour was found to be of the acder of 120 nm,

In the isotrapic state, proaounced differences wore observed for pore dinmeters < 1 1m com-
pared to that in bigger pores. Experimental results in samples with d > 30 nm are typieal for
those of isotropic lguids, that k. the constant values of the quotient of stimulnted and primary
echoes na function af 7 and enly minor dispersions of spin-lnttice relamtion rates were abserved
Strong frequency dependences. T} (v}, appens when d < 10 nm. In the same sumples, the stimulated
echo amplitudes become modulated due to o spin exchange between fnoquivalent protons. These
phenomena are discussed from the view poine of molecular ordering at the pere walls,

References
1 R. Kimmich, NMR: Tx L i Hesdelt 3 ..bnsg?

2. F. Nosck, M. Noster, W. Weiss, Relaxntion dispersion aed
and Iyverapic figuid crpstals by fet Gekd-cveling NMA Lm:ﬁmavma swﬁ cma]

1. F. Grinberg, R. Kimmich, Characterizatbon of order Huctuslons in liquid crvatals by the dipolar-
coevelation effect of the stimulated ocho. J. Chem, Phys, 109, 365-370, (1005).

4 R Killner, K, H. Schweikert, F. Nouck, NMR fisld-cycling st of d deateren
Edmmw [ tho penatic liquid ceystal 4-a-pemtyl-depenabiphenyl. Lipuid Crystals 15, Py
erre

5 F. Gllﬂm‘|R.\K|mmlﬂLP af the dipal: elation

oo the
echo in liquid crystals confined In patnis glass. J. Chem, Pﬁw 108, :m»eaus 1006},



Nuclear Magnetic Relaxation Through Director Flugtuations in Anisotropic Media
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Introduction
Field Cycling MR, (FCNMR) spectroscapy permits detalled sty of magnetie reboation
[MMRDI) at very low (kbz) Fequencies with typical nuclei e proton snd deuterium [1, 2]

an

Slow
mhmwhhmwmm,mkm.mmmm
nrwmmermmmmnqm Is novw an estakilished tool 1o

i two ways: (1) imoduction of anisotropy of visco-elastic
upper cus-aff Eequencies for the DIF modes [S1; == (2) ntroduction of both lower nd apper cut-all
2 i : 6. B

WWMm_MWWWMeMM-ﬂmmMMEMm

equencies. In this coséext, this work is conceened wich e evalustion of Ruae incorporating these
foe et apd the present fesults are compared with earler models through simulations. T analvss
o dermomstrated with the NMRD data (obtained with our FCNMR. ficility) o6 a binary Byt miture
with an Interesting phase disgrats (beving vasble nematic and swectic sabilins) (7]

Evalustion of R !

mnelmﬁ:nmhehmnommwhmmulmmmmi.(&ﬁrmnnge
director factuations, given by (with the notation of [4, 5T}

o T
.r,m=C.m§:z.Id«, | it D)

which, apan istegration, leads to
s e T g R Pude) 12k B A A0 ] D

where
aiiza o £ LATA s AN A - 4! DD
)= t oyt
Hpal= a5 55 TF 2 =TI 4 -t e lF &

ATt (2

and fLBLAl's can be plusined by replacing Dby 8 in Eqn.(3).
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where Je #0d A mlh:mwthw}wnﬂwwhlhnmfmmmdmm
perpendicuinr directions of the direcor respectively with mmmoﬁawﬂmhy
i e - - Eoglan
Haiine = 2 e 2,

Gia) = f(a) {3:;, mnmmwmmm
This f duces to the carfier Timits.

Discussion :

The principal difference between the Eqn.2 md simiar expression ohtined earfier [5] (where DF modes
were assamed (o be extending down to zero frequency) is in the two terms Evolving low frequency cut-
off Effect of incorporating the low frequency cut=off is demanstrated by computing dain from Eqn2
with Ky = 10% dym, 1= 0.5 P, dga = A= 304, s = A = 1214, C= 5007 6 and dor differem
values of K; o the renge of 10™ to 107 dyn (Fig.1). Here Jilw) varies & ' (= Zov where v is
Larmor frequency) between upper (140 MHz) and lower (1.3 kHz) cut-off freguescies for motropic
case (K5 = 10¥ dym). Above the upper cut-off frequency Jifm) varies os o7 wheress it is exsentisfly
imdependent of frequency below lower com-off frequency. As Kb increnses vou Incremses, bt vis

imreases, this elfectively increasing the lower cut-off frequency, o seen fram the flat region extending
0 higher frequencies {custing down v region). Siomler effects are soen in Fig.2 25 well, Thess plois
are for Ky feed at 107 dyn and dow = 4y = Sx10°A, a0d g Ly s varied fiom 5 - $x10° A Hore

s 8"

sern®
et o bt

T O e
Frecuerey (H) Freasmy
Figam 1. Figam 1 i
v (32 kKHz) is fur ordees of magnitode larger than vy snd hence 1y b the effective Jower cut-off
Erequency. Now as Ay i incressed the upper out-off Srequencies neduce, srinking the v region. This
wnmwﬂ&vntwin{w}\"&immﬁm b frequency dependence
wery low frequencies, moving aver to & v dependence without ever showing +'? dependence as the

an



LLasmmar mereases. This could be a fesible scenario, for cwample, in 8 nematic faving m
underlying smectic phase, with sobstantial iereass in Ky aod containing cybotactic chasters which
effectively increase the Jower cut-off wasvelengths.

Analysis of Experimental Data :

Théa analysia is applied ta the proton &, dats measured earfer [7] in & binsry mixtare of bquid crystals
'.'BCBuIsCN mmmnmwm“hnmwmmh
have no smeetic . NMRD datn in necmatic
plmnmnnmm _anmmw!mfrp]d
the ather with & smectic phase { T0%% BCN) (Fig.4) are snabvsed, by writing the reluation rate ) 2

By= Rgp B 4 By )

where Rype is given by Egn2 with C(A) replaced by dor { o C(8) ), Rigs Is the comribution from the
self diffision, given by Tomey's formuls (8], and Ry represeots contriations fom individeal
rearisntations with Lorsnszian type dispersion. Results of the non-linear least squares fitting of the
data to Eqd (relevant fit parameters being &), cun-off frequencies and An ) are shown in Figs. 3 and
4. The dspersion i pure $CX is essentially domimaved by DF with & constas contribution from & {and
;m.wsm The mised system on the otber has shows frequency dependest conirbutians tom &l
the mechanism, Whuﬁmmhhﬁhﬁ!b‘k 3 x 10" dyn) and DF are cn-off such earier
(¥4 =33 Mz I the mbchare (corpared to L0 dyn and above 100 Mz, Tespectively, in the pure
system). hﬁhmnnmlum‘elhﬂ“mmummkmw
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Investigating Liguid Crystal Dispersions by NMR Relaxometry

M. Vilfan
J, Stefan Institute, Jamova 38, 1000 Ljubljana, Stovenia
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Since the discovery of easily fabricated liquid erysal dispersions in 1986 [1], the interest
in this field of liquid crystals has been steadily growing, partly because of their electrically
controliable optical properties. Liguid crystals in spherical cavities within a solid polymer
(PDLC), in cylindrical cavities of organic and inorgenic membranes, in silica acrogel matrices
and porous glasses, and thoss constrained by polymer networks have bxn imvestigated [2]. The
most important characteristic of liquid crystal d ians is a high surf: Jume ratio which
makes the surface effects dominant over the bul'k ones. Couvnmml MMR spectroscopy and
NMR relaxometry have beer ised to study director conf degree of orientational order,
and malecular dynamics in Hquid crystal di sons with pores of submi size [3], which
are not accessible by standard optical !achuiqu:s.

Proton spin-lattice relaxation of liquid crystals within an orgamic polymer is wsually faster
than in the balk coanterpart, The increass is coused by the eross-relaxation berween the protons
af the liquid erystal and of the surrounding polymer at the interfice between the two systems.
This effect is rot limited to & particular frequency or temperature range. It is present in the
nematic as well as in the isotropic phesss and influences - or even dominates - the proton
relaxation in the MHz and kHz regime. Cross-relixation was detected first by measuring T) at
MHz frequencies 4], then by the spin-iattice relaxation i the rowmting frame [4], and finally by
the feld-cycling relaxemetry in the frequency mange extending from 107 1o 10* Hz [5]. Special
NMR echniques, including selective magnetization inversion [6] and polarization wansfes with
off-resonance iradiation [7], have been used as well, A rather lurge cross-relaxation rate of ~ 104
5", found in the liquid cryssal 4'-pentyi-4-cyanobiphenyl (SCB) in a PDLC material, indicates that
there is a thin liquid crystal layer at the surface with melecular ranslationsl andlor rotational
mohility different from that in the rest of the cavity. The exchange of molecules bcrween 'bmh
states takes place at a rate which is small to the Larmar The
rate imelf is governed by several processes like the average dwelling of molecules at the surface,
the transfer of spin energy across the boundary, and the spread of magnetization across the
polymes, which have rates of comparable magnitude and are therefore not easy to distinguish,

The mest specific relaxation mechanism in liquid crystals, order director fluctuations, is
caly mildly influenced by the confinement unless the pores are smaller than ~ 100 nm [8]. The
charzeteristic v;''* frequency dependence of the relaxation rate, typical for protons and deuterans
in the kHz range in the nersatic phase [9], has beea observed in the microconfined liquid erystals
as well [10]. The low frequency cut-off, however, below which the relaxation mic becomes
frequency independent, is determined by the size of the cavity and oot by the discontinuities in the
orientation as in the bulk. It is important to note that the low frequency platenn takes place no
mitter how many spatial dimensions o!‘tl;: Tiquid cryseal are restricted. The effect of confinement
an the coll melecular ar i is expected to increase drastically i the
vicinity of & structural phase transition (from one director field configuration into another) due to
the critical slowing-down of the transitien-driving mode. A strong decrease of order director
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fluctuations owing to the confinement has been observed by Grinberg and Kimmich in the
cavities of nanometer size within o porous glass [1 ]] They used the dipolar-correlation el‘fnﬂ on
the stimulated echo to show how the surface i ‘hinder director f

in such small cavities,

The deuteron spin-relaxation in confined fiquid crystals is nteresting in particular in the
isotropic phase. Hm u weak orientational order, induced by the inner surfaces, is observed far
above the i pic fransition, The ander 5, is constant within &
thin layer at the surface to decay then exponentially with the distance from the surface, The value
of & is associated with the wetting of mtemal surfaces with the nematic phase above the
transition temperaturs and consequently with the strength of liquid crystal - solid substrate
coupling. This residual orientational order does not affect the spin-lattice relaxation rate of
deuterons in the MHz regime, On the other hand, the transverse deuteron relaxation mte 757 is
unnsndmbly lmd for about a facter of twe - in the confined systems [3,12]. The additional

is lational diffusion of spin-bearing molecules theough the regions
with different degres of onentational order and, in some cases, of different director orientation at
the surface. The resulting relaxation mte in the kHz regime consists basically of two terms. The
first one results from the penetration of molecules into the surface layer with constant order
parameter . It is only weakly tempersture dependent in systems where 5, exhibits no
pretransitional increase, The second term is due o the diffusion of molecules through the region
with exponentially decaying order paremeter and is roughly proportional to (7' = 7>, where T*
denotes the supercooling limit of the isotropic phase. Both terms have been clearly identified in
the deuteron transverse relaxation rates of SCB in an epoxy PDLC material and of its homelogue
SCB in Anopore membranes, The analysis of the experimental data yiclds 5, and v, as the two
adjustable parameters. It is important to note that the deuteron T2™* yields 5 also in systems with
non-uniform director orientation ot cavity walls with respect to the magnetic field, where the more
conventional NMR method, based on the splining of the NME spectrum, fails.
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A lous surface dil of water compared to aprotic liguids in nanopores

1P Korb and R. G. Bryant!
Laberatoire de Physique de la Matigre Condensée, CN.R.S.,
Ecole Polytechnigue, 91128 Palaiseau, France
!Deparmment of Chemistry, University of Vieginia, Charlottesville, Virginio 22901, USA.

Introduction

Liquid dynamics at solid surfaces is central to understanding transport progerties in
heteropeneous systems such as rocks, catalytic materials, or biological tssues. Characterization
of liquids at surfaces is difficult because the small fraction of liquid in a surfoce layer is generally
in rapid exchange with bulk phases in contact with it. Nucleor magnetic relaxation dispersion, the

of nuclear spin- laxation rates as 8 function of Larmor frequency provides a
powerful approach for characterizing melecular dynamics, including surface dynamics [1-3],
Here we report i in the 'H spin-atti laxation di ion between water

and other common selvents such as acetone when in centser with high surface area calibrated
microporous chromatographic glisses that contain trace paramagnetic impurities located at the
pore surface. We show thas these differences come from the spatial extent of the surface explored
by the diffusing liquid and the thility of water di directly 10 relaxation centers
which are unambiguoasly at the origin of the nuclear relaxation mechanism.

Water surface probed by magneti iom dispers

Water is unbque in that it 1% small. has extensive hydrogen bonding capabilities and may
exchange protons with other molecules or surface sites. It may behave as both o Lewis acid or
buse, and may coordinate 1o most metal ions. Proton nuclear magnetic relaxation rues were
measured using a field cycling instrument of the Redfield design and constructed with 5: Koenig
and R. Brown as described elsewhere [2]. Comrolled pore chromatographic glass was obtained
from the Sigma Compeny with mean pore diameters of 754 and 1594 and specific aren of
140m2/g and #0.% m/g, respectively. The water proton spin-lamice relaxation rate, LT, is
fundamentally different from other liquids studied on glasses to date in that it shows power law
dependence on magnetic field strength (Fig.1). We demonstrate that this dependence results from
correlations that pessist much longer in the surface region than in the bolk 2nd that the relaxation
in close proximity 10 the surface is dominated by processes that appeir 1o be one dimensional.
This ingly p ical result is i through surface diffusicn of water mediated by
the bulk phase itting long range 1-di i loration aleng the pores berwesn metal
sites ar which water relaxation is efficient. On the contrary the slower diffusion of acetone at
proximity of the pore surface, precludes such anomalous diffusion and a 2-dimensional
diffusional mode] for the surface dynamics around each paramagnetic imparity is sufficient to
acgount for the bilogarithmic dependence of the neclear relaxation rate on Larmas frequency
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Statistics of Surface Diffusion Probed by Field-Cycling NMR
HRelaxometry

T z.mh and R, Kimmich
Sektion K Universi Ulm, 89060 Uli, Gesminy
emnil: tatjana zavmda@physik ini-olm de

The Frequancy d ! of the gpin-latti Som time n Uguids ccafined in nanoporous
glasses was found to depend on the adsorbato-surface inaractions [1]. [n the fimit of weak adsarp-
tion, a flat. T:-dispersion was cbeerved in the experimental frequency range. A steen T)-dispersion
im the strang-adsarption limit was shown to appens a5 o pesult of surface diffsion. The relaxation
mechaniam of the rearientations mediated dy surfoce displocements (RMTDY) was proposed |2, 3]
o acoaunt for the effect of surface difasion on the T)-disparsion.

Maleoules participating in surface difusion probe the stracture of the pore surface. The fractal
prapesties of the rugged surface are takmn inte acconnt by the radial crientation smucture factar
S{k), provided the system under consideratson &= isotropic. & is a surface wave vector. According to
the RMTD

modsl, surface diffusion reveals it in th fanction of spin fi
G[l]=!rf5(&}m’k,r}d‘k. o)
Bk £} is tho Foarier transform of a two-dimensionsl disteibution of efortive displ alang

the surface.

Snrface diffusion can oceur in the topelogically 2D or 31 pore space, Efective diffusion in
the two-dimensional liguid laver is expected to be similar to Fikdan ln this case, pli, t] decays
a3 ¢~ ™ according o Gaussian statistics of suriace displacemonts, D s the spgarent diffusion
coeffickent.

In contast to that, bulk-mediated surface diffusion results if the molecules steogly adsarbed
on the surface exchange with the bulk-like phase [4]. The anomalous susfsce difision cansed by the
steang adsarption is governed by Lévy statistics on 8 certain displacemens scale. Tn the short-time
timit, plk. t) decays as e™* where ¢ has dimensions of veloeity,

Through the RMTD mechanism, the siatistics governing the surface dynamics is enceded n
the intensity function T(uw) (scanned by the experimestal ﬂdis'pemlon]:

Ziwy =2 [ Gltjcosfutjdt = [ S (2

u‘f}

1mh:euminnuntuu:otmnmmwmnﬂmlngLhexdmmimg:hmales_nzlfk’md
e % 1)k for Fleklan diffusbon and for & Lévy process, ) Ap
ohs&-vedEm]awd.sﬁlhuzwmsﬁnmmbedambedbysik}xk" ). T!|ua for the
topalogically 20 Fickian difusion in a thin surface layer, onn obtains

1/T{) e w2, 3
Far Lisv walks along the sucface, we find
1T o k. @

Hence, the slope of the T lon curves ghven by ions (3) and (4) is d irsed by the
statistics of surface displacements. closely related to the affective topology of the pore surface,
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Figare 1: Frequency dependence of the proton spin-lattice relaation time for dimethylsulfocde (DMS0)
in porous glass BL0 and for un isotopically dilated sumple (80 % DMSO-dg) above and balow the plase
transition. Below the melting paint, the data relate to the slowly docaving compansat of 8 ¥MR signnl
which correspands ta the non-frozen DMS0 luyers.

Fer low-malecnlar liquids, the pore space of o porous glass B0 used in this study (a mean
pore dimneter d=10 nm) can be considered a8 isotropic and three-dimensional. Non-fromen surfnes
luyers of partially frozen systems form an isatropic network of interconnected tapologieally two-
dimensional pores. The reduction of the tapological dimension of the pare space resulting from the
phase transition is expected to influence the statistics. The change in the surface dynamics was
axamined by nse of proton NMR fGeld-cyeling relaxometry.

Fig, | shows the Ty-dispemion of dimethylsolioxide {DMS0) and of the DMSO Isotope mixture
[B0% b.w. DIMSO-dg mixedt with 209 bw. DMS0) filling the porons ginss B10. The experimental
data for both pure and istapically dihrted samples coincide on both sides of the phase trarsition.
Therefore, itermodecular dipalar conplings and any influsnce of surface puramagnetic imparitics
an the conrse of the dispersion curves discussed by Keorb ef al 6] can be niled cat, The dispersion
Tegiom was found to be & power-law T} 2 20 for the unfrozen system, The slope of (.54 i in & good
nygreeenent with the results obenined for other polar liguids confined in paros glasses 1), For the
system which is partially frozem, T) o #9™ is ohserved, The difference in the siopes of the dispersion
reghons of Ty(i) can be attributed to the difference lu the statistics of surface displacements ns pre-
dicted by expressions (3] aod (4). Thus, the experimental data provide evidence that the interface
dynamsics of strongly adsorbing aystems containing 8 bulk-like phase is controlled by Lévy statistics.
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NMR RELAXOMETRY STUDIES
OF BULK AND CONFINED PLASTIC CRYSTALS
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* current sddress: Dopt. of Chemistry, University of Nottinghom, Nottingham NGT 28D, UK

Sovesal plastically eeysiallins materials 1] wre investiguiod :mph,tn‘ MM fekd-cycling and pused field
gradiest technigues. In bulk, thise species ane d by two motions:
st apieotropic moleeular rotations and slow translational jumps. While the rowtionsl proeess usually
Tulfils the extrume nasrowisg condition, the awrage jump correlation Gmes are of the arder 107 & or
lomger, Thus, Seld-cycling relsxometry with its capability of determining loagitudinal relaation times at
Larmar Frequencies dows ta the kHz region i a suitable means for investigating thase slow processes (2],
The frequency dependence iz found w follow 5 T) = w® dopendence over up to four coders of magnitude
in relaxation time. The mtermolecubar character of this relaxation contributkon & shown by proton mes-
surniments in ssmples diluted with the deuberated compaund (3], Absoluie walues and activation energie of
the jump frequenciss are pressated along with 8 measure of the residual corrolation after ankatrapie rota-
tion, The selfdiffasion coefficients abtained by this method are in good agreement with vales detecmined
direetly by Eing=Eeld difssometry.

Hydrogen booding betwees, the malecules can result in & mare comples dysamical bebavkour which i
roflected o n further T, dispersion step well abown the jump frequency, Moreover, a coexistence of plastic
atel liguid phases well below the melting point & observed for some af the imvestigated materials (4], The
frequency depaudenens for both phases are well resclved in the fold-cyeling axperimnent.
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“Thie ohéarvatians in the bulk plastic crystal are compared ta mansaraments performed with cychihexane
comfined in porous glasses of well-defined pore sizes between 4 nm and 200 nm. The behaviar of the coystals
inside h paces i eharacterisod by & sise dependent freesing poist degression 5. Below a critical pore size.

does ot pecur and led sate of the liguid leads to & tamparatare-dependent dispersion
Ty{w] [3]. Ao this thaeshold, an unfrosen Glm b the surface i observed in addition to the isseaporous
plastic crystl. Despite of its small extansicn of about twa monalayers, which resalts in & kigh tartaasity
af the space svailable for diffusian, this film pessssses Hauid-like propertios, Temperatare-dopendent rebix-
ation musserements indicats & crossover hetween Ext and slow exchange processes. In the fastoscchange
Fimit, the relaxation rate consists of two components Ty (1) = o) 077 4 g 07, 5 = 075 £ 0405 s fourd
which corresponds to the results abiained for susface layurs of lguids forming ondinary crystals 6], Diffie-
sion expesiments were parformed entirely in the fast exchange regimes they give svidenee for 5 component
with & diffaskon condficent ot least two orders of magnitude |urger thas s the plastically erystalline state.
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Figure 2: Frequency dance of Tj(w) for confined In perous ghss of 30, T0 and 200 wn

pase size, reapectively, s campared to the balk, A cromover from Ty o &® to Ty o 0™ s observed,
indicating exchansgs betwosn the intraparous plastic crystal and the susface layer.
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Surface diffusion of strong adsorbates:
computer simulations and NMR spin-lattice relaxation.

R Valiullin
Kazan State University, Kazan, Rusria

Field-cycling NMR relaxometry of polar liquids in porous media indicates the
existing of correlation times of the adsorbate orientation up to eight orders magnitude
Jongm'than in hulk [1 2] The mcchsmsm can be explained on the basis of reorientations

d by (RMTD) of molecules on the surfsce. In
contrast to the case of nonpolar liquids, bulk medisted surface diffusion (BMSD) of
strong adsorbates was predicted [3], which is described by Canchy statistics for the short
displacements limit,

Using a Monte-Carlo method, the displacements distribution along infinite planar
and spherical liquid-solid interfaces and NME correlation functionGit) were simulated
for a random walker, In the lager case, the planar psIl:hcs mm a finite surface

orientation correlation length r, were also idered. The in strong
adsorption limit for the surface diffesion [3] was reproduced. In pan.rr:u]ar, the Levy
walks character of surface disp in the sh ime limit was d in

agreement with the BMSD model. Concave spherical surfuces show some deviaticns due
to finite bulk volume in the sphere, It was shown that the NMR correlation function
decay due to molecules escape to the bulk becomes relevant only in the long-time lmit
relative to the retention time £y, which characterizes the surface-adsorbate interaction. At
short times, correlation loss occurs meinly due to the surface geometry in the sense of
RMTD mechanism enhanced by Levy walks.

The conclusion is that on a time scaler << £, the frequency dependence of the
spin-lamice relaxation time T, of strong adsorbutes is determined by Levy walk surface
diffusion in combination with the surface wopelogical properties.

(1) S Stapf, R Kimmich, and | Niess JAppl. Phys. 75 (1), 529 (1994).

[2] R.Kimmich, NMR: Tomography, Diffi Ve ¥ (Springer-Verlag,
Berlin, 1997)

[3] ©.V.Bychuk, and B.0'Shaugnessy Phys. Rev. Lerr, T4, 1795 (1995).







ic Properties of Gd(IIT) C as Contrast Agents for
Magnetic Resonance Imaging

Sibvin Aime, Mauro Botta, Mauro Fasano, Enze Terrens
Dipartiments di Chimica LFM., Universiti di Toring, Via P, Gluria 7 - 10125 Toeino (laly).

The use of parsmagnetic substances for altering and controiling the magnetic relaxation of water protoes
Eas fund wide applications in the NMR techoiques for medical imaging and desgnosis [1], The reason is
that comrast in MR images depends less on the Jocal tissue water preeons density than an thetr Ty zd
T2 ruluxation times. Moreaver, despite the ety and the mhenent sparinl resolution of NME. imoges of

rative tissues, & large impeovement in contmast is achieved by the roduction of exogenous parumagnetic
agents able 1o 5i alter water tienes. The aftention has been primerily focused
ca eomplexes of Me(Il) and GA(T1) since thess metal lans with § ! o large

magnetic moment with & long electrom spin relacation time (=10 s}, rwo properties that ensare an
optimum efficiency for maclear spin relaxation [2]. The anionic complex, Gd(DTPAR- and GHDOTAY wr
the first comples emtered insn clinical practice and they represent the peototype and the relerence for the
development and the evaluation of new agents presence of isomeric species and v eluicidation of their
intercomversion processes. Many other complexes, mainly functionalized derivaives of DTPA and DOTA
lignnds, are comently under intense scruting in order do opeimize properties such s thermodynamic
suhility, dissociation kinetics, relaxivity, residence time s cireulsting blood and accumulstion ot specific
arget |lasnr,1 or argaes, An impartant step in the desips mnd chamcterization of more effective CA is
d by the of the el hip beween the chemical stracrure and the factors
determining relaxivity in aguecas salutions 55 well as the study of the salution structure and dynamics of
the metal chelates, the possible
Tn the last few vears we have investigned mimy of these aspect, through refasometric and high resolation
MMR techniques and here we surmnarize the relevant results obtined from relaxometric stadies on
several Gdl*-complexes of both linsar and macrocyelic Hgands {3),

H ~COOH
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HOOC— N—COOH N
HOOC— — “—CODH
DTPA DOTA

Ahhmnhmmmml:wmmmhmmmdlfmmﬂlex hazed
solely on its chemical stnscrure. maindy because of the Inck of n comglets and adequate theary of the
metal bom electromic relaation. the data collésted in the recent past over o rensoesbly large number of
complexes with bath Enear and macrocyclic ligands allows some general wends o be firmiy esablished
{11, The mechanism of ouler- sphece reliotion, foe complexes with g = | {such 25 GADOTA and
GADTPAR-) makes @ consributions of roughly 3094 o the observed rebaxivity thats an high-field (> 10
MHz). is shout the same for complexes of similor size and modeculsr weight. The cooedinsed waner
molecules are in fast-exchange with the bulk water, having o mean residence [ifetime T of  several
sarmseconds. The relaxivity in the bigh magnetic field region is mainly contralled by the reariemaanal
coerelation time p which depends upan the molecular dimension of the complexes, a5 shown by the good



carnetation berween relmyivity and molecular weight far 4 aumber of strucnurally smilar compleses, The
lerw-fiedd region of the NMRD profiles subsancially differs smoeg different compiexes according to the
soro-field value of their ebectronic relaxation tmes (tso) These [ater are remarknbly long for wxially
symmemic compleves (DOTA) and much shartes for lness chelates {DTPA) and ase also seesitive s the
symmeary of 1he complex and to the chemical carure of the coardinaring groups.
Currently the search for new CA far MRI is mainly dirested toward the synthesis of (d™ cornplexes of
functionalized denvatives of DTPA and DOTA ligands without altering their chelusing abilities. We
prepared o number of new complexes derdved from the macrocyelic snacrare of DOTA by introducicg
une or mare Pebenzyloxy-a-propianic mesidues. All the Gd™ conplices have sigeificasy higher
relavities than GAMOTA over the emire magretic field range investigmed. The differsnces in
refaxdvity amsang the chelses are dus o their different values of 17 end gy At high fields the relavivities
show & almast linear dependence fram ¢ which in tum is stwictly relased 10 the molecular weight asd the
dimensicn of the complexes, while a2 lower felds the relaxivity differences are well accounted for the
dlﬁuuuvmmortrnndtm m:m nfhhmrpummuwmwe\'xm when the
melaxivity profiles of th with esch athers. In this case the
low field differences in this irser- WWW relaxivities are complesely sccounssd for by the
different electromic relaxation times of the two complexes. The value af tg seems io refleet the changes
in symmeery imraduced in the eoordinmion sphere of the G lon by the inserticn of one, two or theee
Pebenzyloxy-n-propionic residues. In fact, 750 of the meno-substined complex (417 ps) i lower than
shat of the highly symmetric DOTA-complex (460 p). Moreover, the difference in Taq berween the Gal+
complexes of disubstituted ligands cis (275 ps) 2od trans (433 pa} is panfeularly impressive and may
resll froen the lower symmesry of the | d-disubstinned isomer. The valus of T3q depends noc oaly on the
change imrmdisced in the molecula geomelry but alsa an the natre of the subsiises group, Tn fact the
amidation of a DOTA and DTPA carboxy] proup produces n dramaric deereass in te, which resudts in &
lower water proton relaxivity ar low fields, Moreover the dsta obsined on a series of monoamsde
derivatives of DOTA indiese that %x, i8 almest independert of the masre of the amide substitaem (120.
140 ps). Bt s likely that the obgerved decreass in this parameter depends om the decreased donoe shility of
the amide oxygen with respect s the earbouylate oxygen. Therefore, the 750 parsmelsrs acls 4= o
mokeeular aeplifier of the misor differences in the cocedination of the carkoxylste vs amide gracps.
At the magmetic field srenghs ewrently emplayed in MBI (0.5-1.5 T) the sbility of the small Gd
cheelates to enhance the solvent prosan bongirodisal relaxarion rate & largerly determined by this malscular
meorientational time . it follows thas the schievernemt of higher water relaxsion rates may be pursaed
through an increass of this perameter, since the increase of the namber g of water molecales in the lner
ceandinatian aphers of the Gd3* jon is likely accompained by a decrease of the sbility of the complex.
A comvenient route for bncresting 5y consists in the formation of host-guest nee-covalent interactions
‘esween suitsbly functionalized complexes and slowly mebling macrmelecules. We have stadicd the
man-covalent imemactions betwesn & series of (-benzviowy-u-propionic substiroted derivatives of
Gd(DTPAYR" md GADOTAr and some model substrates. In this case we expivited the preserce of
svmale fesidue on the compleses for imvestigating the extens and the effect on the milvent prosons
elazation properties af with e (B-CD a=d cationic micelles, usedul
‘iodeis that ean mémic te non-cavalent hinding oceuring withis Hyving mutricss. A quansitarive analyvals
af the profiles inficates. = expected that only % changes remarkebly following the formarion of the
inclusicn compounds.
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RELAXOMETRIC INVESTIGATION OF MOLECULAR MOTIONS IN
MOLECULAR SOLIDS.
8. Aime*, G. Digilio*, G. Ferrante®and 8. Sykora®

* Dipartimento di Chimica [FM, Universitd df Torina, Raly,
© Stofar, Mede (Pervia, Traly.

folid State NME signals of abundant nuclei (spin %, high isotopic abundance and high
woncentration) are wsually fentureless and very broad (up 1o 100 KHz). Narrowing of the lines
is caused by the presence of motions, The of motions
provides a relaxation path through the Julation of the dipolar i ion. Ths, the
measurement of relaxation times provides a route o assess and quantify the melecular

motions. [n fact, the measurement of relaxation times o different temperatires offers a
method to th ination of the energy barrier of the motional process. The

most accessible parmmeter for such measurement is proton T,

The availability of a field eyeling (FC) relaxometer significantly extends the range of

mational processes that can be investigated by measuring 'H-T, at the solid state. In fact the

problem associaied to the small magnetization vector 21 low magnetic field strength (which
has limited the range of the available fields for direct measurements) can now be overcome by
creating the initial {strong) magnetization at high field fallowed by the fast shift to the desired
{low)y magnetic field. This spproach appears o be pamicularly useful 1w investigate
low/intermediate frequency motions whose detection is wsually difficult {or impossible) by
ather techniques.

The obtained NMRD profiles are fitted to the T; values computed on the basis of the dipolar
relaxation term -

i

where £ is the dipolar interaction (which may be evaluated by the VanVieck theory), o are
the Larmor frequencies and 1, Is the correlation time for the dynamic process. Examples



dealing with organic and organometallic sysiems will be shown whoss measured 'H-
relaxation times are down to the order of magnitude of one millisecond,



'H Cruss Relaxation in the Rotating Frame using Spin-Lock Adiabatic
Field Cycling Imaging (SLOAFI) .
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Spin-Lock Adishatic Field Cycling Imaging (SLOAFT) is 2 useful experimensal NME wechinique far the
st sty af spin-laitice relicatlon in the rotating frame [1.2]. En this method, the magnetization is spin-

leckoed while a magnetic fiedd gmdisnt Gy is adinhatically sasiched on 1o produce o spatinl distribution of
the effecsive Lanmor frequency aloag the sample. This candition is hedd during a relaxation period where
the locked magnetization relases a1 the correspoding effective frequency depending on the positioe. At
the end of the interval the gradient s adishacically switched off and the renining magnetizative &
refocied slang the spinlock field. Finally, the pamially reloxed mageetization i3 imaged using the
gradient ecko sequence. The experiment is repeated for different relaxation imervals in arder to obiain the
temporal evaliution of the prodlies, from where the effective rotating frame spin-atice relaxation
ispersion can he evaluated. The effective Larmor frequency imerval coversd bn the expetiment extends
fram few kHz (depending on the spis-fock ampiirude) to mare than 100 kHz {depending on the magnetic
field gradient strengthh. The figure shows the pulse scheme of SLOAFL
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SLOAFL fe o powerfill tool combined with iraditnal feld eveling T measurements 81 low
Larmar frequencies. Both techniques pravide infoemation shout the envolved low frequency spectral
demsities. However, the experinenssl conditions could be siangly diffesent from ans case io the ather:
SLOAF expariment cam be carried aut using a tamograph with a strong eonsten Zeeman magnetic Geld.
while in gensral, in the Zesman fust feld cycling relaxometry, the maninmn feld s wnder (5T and
cevttinmsly rwitched between diferent values, Therefore. comparing the speciml dermilies obtained from
both experimems in the same frequency range, imporans informarion abowt the rale of the magnetic fisld
can be chesined, This poist can be crific for mesomerphic systems with naticesble magnetic anisatrepy
{like sume thermotropic liguid crystals), where the magnetic history and Feld strength can influence the
oriencational and dyrsmical properties af the malecalar system,

The aim of the pressat work wos 10 study the memiooed @llect and the rotating frame cross-
relaation spectml denity ariginmed fram roton spin-anics relsasion via cpling wih atker
caadnupalar ouclei (SLOAFT quadnapale dips). 1t is well keown the existence of quadnmpale dips in the
T dispersien profile; however, the phennmena was never systemasiesily sudied in the roming frame,

&7



First experimenis were intended in thermoempic liquid erverats (HpAB, xs and BCE) where "N-'H dips
are well known fram T, field cycling 34 LOAF armes
difficalt because T in this samples are too short for imagin, gmmemmmqu. In cmder 1
avmdﬂmvrobhwmdlﬁ:mmdwmrﬁ%mmx"ﬂ and 47%C. The gragh shows the
resulis oiained at the lowest temperature, where clear dips are presentat 77 and 100 kbz while a hardly
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naticiable dip sppess 23 KH It is interesting 1o abserve thit oven when the experiment vas
developed in a 5T magnetic field, the devterfum quadrupole resonances ae oot dirsctly perurbed by the
presence of the field (v. = v. = v). Mateaver, at this high feld Himit the Zeeman cmergy is dominat for
the dewterons. considerations abowm this pont will be discassed in the conference, The dips
ars also present in conventional feld cycling T1 dispersion experiments. No dips were found 1 47 °C,
wile the big frequency dispersion observed al 20°C is comgletely abseet m the Higher temperanare (1t
eames isotropic-fike). 1t can be concluded that SLOAFT selaxamieiry 16 5 usefidl 10c] for detecting
quadrupale dips at very low frequencies.

1] R. Kimmich, I, Barentz and 1. Weis, I. Magn. Reson, A117, 228 (1995).

121 R Kimich, NAR Pomagraphy, Difisometry and Relazomety, Spinger - Ber (1987).
(3] - E. Anardn and D). Pusiol, Phys. Rev., ES5, 7079 (1997).

4] - D1 Pusial and F. Noack Liq. Cryst §, 377 (1985,



gnetic r y and the dipolar ( quadrupolar )
correlation effect

Chain dynamics in gled polymers studied by field-cycling
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The field-cycling nuclear magnetic relaxometry [1] allows one to examine chain modes of
entangled polymers in a brond  frequency range 10° Hz < v < 10° Hz Experimental
frequency dispersions of the proton spin-lattice relaxation time ( Ty ) show typical crossovers
between the powes laws Ty ~ Mﬁg{mﬁionl)ﬂ,‘-vw(ml]Jaldﬂ—\.v“'“’”’
{ region I11 ) from mﬂmlewﬂequncins.&aﬁuwn in previous papers [2-4] these power
lanws essentinlly reflect the characteristics of collective chain dynamics.

Regions [ and IT are identified as fimits of a lhwry based on the mma!lsed Ruuw theory
and assuming the dominant i dipolar ions [2,3]. The j of the
crossover to Region 111 however demands ukmg into amuuu Mnyuem interactinns at
low ies as well The ! s

depends on the model assumed. igati = ing the spin-latts
relaxation &t ow frequencies therefore appear to \la especinlly i |mpwtam for !eﬁms polymer
thearies,

A direst way 10 examine the relati ibutions of intra- and i i ions is
to perform a comparative anafysis of proton and deuteron relaations m polymers uf
equivalent chain length, Proton rel is by dipale-dipol Therefore

there are contributions from the intra- a5 well 25 mtmegmm drpole pairs, In contrast to this,

deuteson relaxation is a single particle mechanism. It is gmmwd by the coupling of the

nwl;u quadrupole moment 1o the local (intrascgment) electric field gradient. The
dipole-dipole i jons can be neglected in this case.

Another efficient investigation tool is based on siudies of dipolar and qudrupolar
comrelation effects on the stimulated echo [1, 5-7]. This method probes wltraslow dipolar (or
quadrugolar) comelations on the time scale of the pulse sequence composed of three 90%
pulses { w2 - 1- W2 - 17~ w2 ) that extends the low frequency limit of the feld-cycling
relaxometry by additional three orders.  Again, the presence of non-vanishing intersegment
dipolar interactions is 1o be taken into account only in the case of the protonated (DCE) bt
nat in the case of the deuterated (QCE) samplcs.

In this wuriw\erq)nrlrumsm’mmunuuxl study of spin-lattice relaxation and
correlation effects in polymers based on the above approach. qune I sﬂmn rmqucncy
dependences of the spin lattice ion time in and d
At 55°C.

In the case of deuterons, no significant change of the dispersion slope T, - v was
abserved in the experimental frequency range 10°-10° Hz. The protonsted samgple, in contrast,
shows n well observable crossover from the power law T, ~ +*® in the MHz range to T, - v**
below 10° Hz We assume that this finding indicates the dominating rele of imersegmential
intersctions at low frequencies.
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FIG. i: Frequency dependencies of the proton and dewteran spin-lattice relaation fimes of
PBy and PHp

The DCE 2nd QCE studies were | d with and d d id
samples. The experimentally measured quantity was the quotient of the stimulated and the
primary echo amplitudes as a function of the time imerval 1), Swong atenuations of the
quotient were observed in bath cuses. The attenuation rate in general depends on the mean
squared value of the residual coupling constant (second moment) and  on the corelation
losses during the interpulse intervals. We performed the correction for the second moments
associated with the dipolar and quadrupolar coupling constants so that the normalised
attenuation curves are comparable with respect 10 the correlation losses. The results obtained
are discussed in terms of inter-and intrasegment interactions and spin diffusion.
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NMED is an important tool to devebop the theoretical grounds for MRL Natural MRI
coatrast originases mosty from the different relaxation propesties of organic matler in Lssues.
MMRD prafiles of tissues are srongly non-Lesenteian, resembling those of polymers, and
theoretical models have been proposed 1o account for this behavior [1-7].

Proteins are an mmportant compenent of organic matter in tssues. Proteins can be frez in
sabution,  partially g or tatally imnchilized s like
membranes. Often NMRD profiles of diamagnetic proteins in solution scquired over the years,
exhibit a sirctched dispersion [5-14], although the deviation from Lesentzian behavior is less
dramstic than for entire tissaes. Among them, bovine serum albumin, carbonic sibydrse,

i ine phosph i an, aleohol

G, in, cy ¢, azurin, lysozyme, phthalate dsoxypensse,
spanning a range of moleculss weights between 10,000 and 200,000, However, mone of the
cxisting models for imnabilized systems can be extended 1o proteins in a clear and satisfactory
way, anl the need fiself for this extension may be questionable. Indeed, it is possible that proscin
npgregation may be at least m part responsible for the devistion from a Lorentzian profile

NMED profiles of dismagnetic proteins are either assumed Lorentzinn [15] or empinically
Fitted with the Cole-Cole expression [16], which is an empirical equation of the type

B =R +DrAl [

where v i the praton Lammar frequency, Ry i the bulk relsxation ras of water, i stands for (-
38 M!m&sEo(‘he:ﬂ]pw!bflhebmktedmmssimmd&&.ﬂﬂhdv‘mhmmﬁc
parametzrs. Both A and D are foand 1o be linearly dependent on pratein molar concentration and
temgperature [5]. The value of f, which represents the stesgmess of the dispersion. is usually Found
between | and 2. For =2 the ficld dependent part would reduce to & Larenszian dispersive tem,
with inflection at v=v, Therefare, the value of v, is reluted to the corelation time of dhe water
protons-protein interaction, 1. b this case. it can be easily demenstrated that the dispersive term
is a good spproximasion of two tansition dipole-dipole relocston, with comelation time
carmesponding to the Brownian rotational time 5 of selute protein molecule, given by the Stokes’
law. This accounts for the reported behavior with molar concentration and temperature

From liermure data and our own messarements oo difercot diamagnetic proteins, we
notice that in most cases [ has values smaller than 2 and thesefore the field-dependent part of eq
{1} has a slower variation with v than the Lorentzian. This effect could be m mtringic molecular
propesty or be aseribed to a sizable spread of ion times dies to i

To betser clursfy the NMRD behavior of proteins in solution we started 10 record pew sets
of 'H MMRD profiles of different proteins of different moleculsr weights, at different

i1



at w or check literanme dats Memﬂmem have been
using inszalled in our Dep ak

(17] (from 0.01 w 50 MHz) and the new Stelar ldmm:mils});ﬂnm Nll o 15 MHz) Taking
advamtage of the larger refaxation rates which can be measured by the latter, higher prosein
concentrations can be stodied These measurements start 10 show a trend that confinme that part of
dnmbmemmnﬁuuwmondwﬂmmwﬂmsmmolmﬂamm
{specific) versus increase of microscople solution viscosity (aspecific effect) is attempted. The
usdua]nmlnmmbehwmumﬁﬂiywswdmdwuwmwnfnpmmﬂlmﬂmns
including different and different | conditions for sach
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Molecular Dynamics from High-Resolution Magnetic
Relaxation Dispersion Experiments

T. R. J, Dinesen, and R. G. Bryant
Department of Chemistry, University of Virginia, Charlottesville, VA 22901
trd3fidvirginia.edu, rgbdg@virginia cdn

The frequency-dependent power spectral densities that directly scale
rdannnn are slgmﬁnmm that they are the Fourier :rsnsfnms nflhe r,urrelnum:
lar motions. The M i
(MRED) eorpmmem directly determines the form of these spectral densmes by
measuring the relaxation rates as a function of the applied magnetic field strength.
With a suitable dynamical model, these results can be interpreted in terms of
geometries, time-scales of motion, and other physically relevant parameters.

High-Field Sensitivity and Resolution

We have developed an instrument Lhu: the it

of related field-cycling the study of | 1omn, or
otherwise insensitive nuclei, with the resolution and sensitivity inherent to a super-

ducting solenoid. Our b built probes enable the physical movement of a
spin-polarized sample between a 7.05 Tesla solenoid, and an '|ndeper|dem shielded
electromagnet, where relanauon of interest oceurs. Detection in the high feld by
some pulse the field-cycle. | that utilize & rapid
current switch field cycle may suffer from poer resolution and relatively small
polarization fields,

Tonic Solutes in Aqueous Phase

Application of this technique o the study of fonic solutes has produced the
of

first direct evidence supp - with
lifetimes lougcr than the mm:lcma.l cum:.lullun tun:s in aquecus solution. From the
leulated inter-nuclear di any pulsion in this high diel
medium could be by the fi ion of hydrogen bonds between bridging
water mc—]ecules and those of the inner w-urdmahon spheres, The presence of
further stabilizes these plexes, which have been observed for
+1/+2 and +2/+2 systems. Fm'll\cnnurt Jt \s shown that the relaxation of alkali
metals in the presence of substi is domi d hy Ihe Ferml comﬂ
inferaction, owing to a very small of
complexes.



Anisotropic and Internal Motion

Results from model chemical systems in reduced dimension environments,
and those which display motional anisotropy along a molecular axis are also
shown, as are preliminary results from spin-labeled polypeptides and nematic
liguid-crystal systems,

TLict slectron o, (radis)
ST BT L MRD of "Li / Mn{IT)
= system. Parameters from
[MecE] i
I T sl bcnﬁ!wdflauf .
P ‘\\ 5 oz paramagnetic relaxation
T e . 2 model suggest formation of
[ bes cation-cation pairs. [1]
= rof W —~
g
L - o
1.1 L ﬁi—g\_‘_\_‘ beiiser
wt w0 1ot 7 at 1wt
L an{radis)
Licl electron o, (radis) y
PRI | picpe |l L EECE LT MRD of "Li in dilute
> % mitroxide solution. The
25r Wy o eowmwes relaxation is dominated by

the Fermi contact
interaction owing to &
small concentration of
RNO-Li complexes. [2]

o 0t 1wt w0’ 1w 10t
Tl (rads)

[1]T.R. 7. Dinesen, $. Wagner, and R. G. Bryant, submitted, 1995,

[21T. R. J. Dinesen, and R. G. Bryant, I, Magn, Reson. in press, 1998,

[3] C. C. Lester, and B G. Bryant, in “Biological Magnetic Resonance, vol. 12:
NMR of Paramagnetic Molecules™ (L. I, Berliner and J. Reuben, Eds ), Plenum,
New York (1993)



THE CALCULATION OF THE SPIN-LATTICE RELAXATION TIME
IN ENTANGLED POLYMER MELTS

K.Fepchenke
Kazan State University, Kremlevskaya sir. 18, 420008, Russia

]NTRDDUCTION

Recently, m a ic model ing the critical slowmg down of
dynamics of the polymer melts with the molecular weight (Mw) above the critical value (M,) for
the entanglement formation, This model based on the polymeric analogue of the mode-mode
coupling approximation has been studied i the work [2]. Namely, the anthors of paper [2] have
given & estimation of the spin-lattice relaxation time in the form: Tyt ™ 'N** | where o is the
resonanse frequincy and W is the number of sepnaus ina pe]yuwr chain [{mwr they have
not taken mte account a ihution en the spi timme d with stress
armest in the time Hmit ,=<1=<,N** where 7, is the minimal relaxation time of the polymer chain
in the Rouse model. Taking info account this cnnm‘huuon can leads to a quite different power
lows of molecular - weights and f

In the work [3] i twice lized Rouse model, describing of dynamics in
melts of entangled macromelecules (M.>=M.) using pairs imteractions. In the same place has
been shown that the power lows of frequency dependence of the spin-lattice relaxation time
obtained in the frame of this model are in @ good agreement with experimental data.

In the present work it is derived the expressions for the spin-lattice relaxation time on the
basis of the mode-mode coupling approximation. Besides, it are given the numerical estimations
of the spin-lattice relnxation time in melts of entangled power owing te the twice renormalized
Rouse model. A comparison with experimental data is carried oat.

RESULTS

For calculations, i a good accurncy it can suggest, that the dominating contribution on
the T time gives wintmsegmentals dipole-dipole interactions. On this basis the following
expressions for the spin-lattice relaxation time in melts afcnnnﬂed macromelecules (M, >=M)
are obtained - (2) mode-mode :.wﬂmg approximation, Ty "'=0. "My r/[Nion)™]; (b) twice
l\::lurmlhz,rd Rouse model, T| = édMgw (,l'(mi.]“ where N2 <<wr,<<1, Here @ and w s 2
betwesn polymer chain segments in e
melt, Namely, anb where 5 is o static collective structure factor, p is the number of
segments per unit volume, b is the segment length of the polymer chain. In addition to this fact
wpd (/b Sug’(d), where d is the wdiameters of the segment, gir) is the intermolecular pair
correlation function. Besides, My = 40’ (I+ 1", where v it the gyromagnetic ratio; n is the
Plank constant, 1 is the distance between spins. Further the values of the parametess y, Ms. =
and t, are shown, Omes are obtained by numerical calealutions y=0,13, #=0.64 [1]. So does
awing to experimental data for the melts wtﬂwluentungkmenw (MM
(i) polyisabutelene (PIB) (M.=111x10%, M=15x10", 5(T=357K)=1.8x 105, My=0 4x10"c%;
ul)pnmmmusm: (PDMS)  (M,=25x10°,  M~19210"),  +T=2938)=1.2x10"%5,
Me=0.4x10"5°
Below the rations of the spin-lattice relaxation time (T,") caloulsted using formulas (a)-(b)
measured T\ in PIB and PDMS melts are shown:

iz}



1. mode-mode coupling approximation  T;*%/T, "(a=3x10*Hz)=H(P1B), T,™T,  {a=12x10"Hz)
=18(PDMS)

Lawice renormalized Rouse model: Ty"%/T,™{w=3x10°Hz)e0 98(PIB), T,™/T,"{w=1.2x10"Hz)
=03(PDMS),

CONCLUSION
Thus, the twice rwumnhzs.l Rouse model uut m}y yv:s m].mg Errqnmny dependencies of the
spin-lattice P but also yickds the absclute

Mﬂesofdiardmummkshmngﬂumcwdﬁufmmmumemmld ones. In
contrast to this fact the expressions obixined using by mode-mode coupling approximation gives
ﬂwahsolmwln:gm"r‘mun!hmgm:mnmﬂnfmmmd:nfﬁcmmmulm
Moreover, 1t contains molecular weight nnd frequency dependence, which are not observed i
experiment.

[1] K5, Schweizer, . Chem Phys 91, S802-5821 (1989),
[2] R. Kimmich, N. Fatiullin, H W. Weber , I, Non Cryst. Solids, Na3, 303- 349(1994)
[3] M. Fatkullin, B Kimmich, J. Chem. Phys. (submitted).



Pure Quadrupole Resonance of Metal Tons and Other Species in

Proteins and Other Biopolymers
Dim:mrvauwaudﬂlﬁndﬁ._k.:dﬁ:id

hysics Program and D of Blochemistry
BﬂndelsUmvumty

Waltham, MA 02254, USA
FAX (USA) 781-736-2345

If appropriate [ will talk briefly about the earfy days of field cycling
NMR in metals (1), and field cycling NMR in general (2). Then I will
review our attempt to make field-cycling pure quadrupole resonance
(FCPQR) simple and generally applicable to proteins, PQR has been
observed without fizld cycling in at least one protein (of Cu(T} in Cu-Zn
Superoxide dismutase, by G. Harbison's group {unpublished)), and
quadrupale interactions can be estimated by high-field central transition
NMR and other methods. However, we hope that FCPQR will be
useful and not too difficult for accurate high-sensiivity observations of
low frequency transitions. Our emphasis i on the “rotaring frame”
methods introduced by one of us and by Slusher and Hahn, and
developed by many others including the groups of Minier and Seeper.
We are also evaluating a mulriple-level crossing method described
anly, as far as we know, in the thesis of I. C.-K. Koo (with E. L. Hahn,
Berkeley, 1969). These are rigid-lattice methods, and to freeze out
thermal meshyl rotations which would shomen T, we operate below
50°K, in a flow dewar (3}. The field is cycled by sucking the sample
from the center of a 500 MHz magnet to its upper edge, about 1 M
above, where the .03 T field and its gradient can be bucked out with a
Helmholz coil. The temperature at the top (low field) is 2-4*K higher
than at the bottom. We expect to use protein samples dissolved in
H,0-PEG or H,0-Glycerol, fast-frozen to inhibit warer eryseallization
and, in the case of PEG, a3 a precipitate, spinning the protein down
into the NMR mbe just before freezing, to get high concentration. We
have obtained promising FCPQR signals from “B and V'O in small



molecules frozen in glycerol-water glass (3). Generally, we are
hampered by short T's at zero field, some of which may be due to O,
that we did not remove, or other impurities, We are now trying to
understand the low field T,'s as well a3 other problems that may make
it hard to observe FCQPR of interesting species like Mg and Zn.

1. Y.Masuda in the Encyclopedia of NMR (Wiley 1996, D. Grant,
ed.), A. Genack, Phys. Rev. B13, 68 (1976).

2. A, Redfield in “NMR as a Stroctural Tool” (Plenum, 1996; Rao
& Kemple, eds.), D. B. Zax in the Encyelopedia (above); Oja
and Lounasmaa, Rev. Mod. Phys. §9, 1 (1997); I. H. Walton et
al., Chem. Phys. Lext. 203, 237 (1993),

1. Ivanev and Redfield, Zeit.fur Namrforschung, in press (1998),



Synthesis and Structural Analysis of Modified TiO2/Si0z
Mixed Oxides Prepared by Sol-Gel Process

Micwon Jung, Eunjn Yoo

Department of Chemistry, Sungshin Women's University, Seoul 136-742, Korea
mwjung @cc. sungsitinac kr

The systematic modifications of silica matrix as a function of modified Ti-alkoxide
content have been investigated by the sol-gel process. Depending on the modified Ti/Si
molar tatio end the properties of the Hgand used flexible to brittle gels have been
chtzined. A structural snalysis of the varous steps of the hydrolysis-condensation
process as well as of the final solid powder determined by IR, UV-Visible, liquid and
sofid seate 'H, °C., ¥Si NMR spectroscopy. It has been identified an optimal
h buti of the | bond( direct andfor indirect Si-O-Ti
bonds) ar moleculer level exists in this process ®$i CP/MAS spectra are cheracterized
by broad lines for the three type of sites. Different contributions observed for Q2 Q3,
Q4 sites in these TiDwSi0;y samples are relate to the smounts and types of ligand used
on medified titaninm alkoxides. The modification of titanium alkoxide have been
determined by the synthetic dition before hydrolysi son. Proper contrel of
the process condition improves the homogeneity of Ti fon-5i matrices and also controls
the distribution of metal cxddes.
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Conformational Equilibrium Isotope Effects
on Selectively Deuterated Cyclooctanone

Miewon Jung

Department of Chemistry, Sungshin Women's Unmiversity, Secul 136-742, Korea
mwjimng@ce.sungehin ac ke

Conformational  equiibrium  fsotope  effects are found in  selectively deuterated
i 2-D, cy 2277-Da and cycloccta
-one-22,8-Da) by cbserving equilitrium NMR isotope shifts in “C spectra The
temperature dependence of the isotope shifts are included for the complete analysis of
i i and the chenges in the free energies,
enthalpies, and entropies are also reported for these cyclooctanome isctoporners.
Mabecul; hankes  (MM2} ealcul of steric i i el 2
songly support the steric and hyperconjugative origin of the observed isotope shift
results,
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The signal of stimulated echo in three spin system

Kulagina T.P., Kamaukh G.E.

Institute of Chernical Physiks in Chemnogolovka
Chemogolovka, Moscow region, 142432, Russia

The well known method of stimulated echo [1-4] is widely applied for studing

order and dy ics in poly . liquid crystals, phorous medias,ete. The
method is established on the basis of changing the amplitudes of primary and stimulated
echoes in a sequence of three RF pulses:

(2 0ne By e (20,

1 {primary echa)...(t— 1 )., (02),... ;(stim. echo),

The appearance of a distinet echo in ingomogeneous external magnetic field was
lained in [2] with additional ph affecting the amplitude of stimulated eche if
the secular part of dipole interaction is not completely averaged out in the evolution

intervals of the pulse sequence. In that work there were considered dipolar interations for
two spin system and were found only amplitude of the primary and the stimulated echoes,
All other Hahn echoes were not considered. In common case five Hahn echoes were
shown experimentally [1,4] to appear at the moment 21, 5, + 21, 21, 25, + 1, 21, + 21,
The echo at the moment 21, + 1, has not been explained yet by dipolar interactions in two
spin system. The purpose of this work is to study all Hahn echoes in three spin system in
the presence of the dipolar interaction and a gradient of the external magnetic field.

We have idered the dynamics of three equivalent spins 1/2 | I, 1, and I, The local
rotating - framer Hamiltonien is composed of a RF term, H,;, & second term representing

the local field gradient offset, H, , and the secular part of dipolar coupling HJ" :
H=H, +H+H/",
where H,==ROr (I, +1o+ 1, ) Bl (r)=A,
HM=00, (I, 1, — 13 LT+ 10— 13 L+ 1,1~ 13 LT, ), B2, =3b,
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Is=hy— {3cos™, — 1V vy’ ~ the dipolar coupling constant, which i% the same for all pairs of
spin.

The system of thres spins was considered as the sum of bwo effective spin systems, one
of them was affected by the Zzeman field onby, another was represented as the effective
spin 3/2 under influence of Zeeman and E dons with Hamiltonian &, =

3072 (1 — 5/4 ), 1, ~is the operator of z-projection for spin 3/2. Such method allowed to
determine the emplitude of all echoss exactly.
‘We obtained the following sxpressions for the amplitude of primary eche
Af2r)) == (1/16) cos (At = 23,})[ 2 + 3 cos{3bit = 27, )) + 2cos (3b(t-1, 1) +

+ 2cos3br, - cosTbt],
and for amplirude of sttmulated echo
A1, + 1) = (1132} cos{A(t— T,-2¢,J) 6 + Jeos(Ibt— 1, — 21, 1) +

+ 2eesiIbit— 1,1, ) 2eosdbr, + Scos3hi(t -1, 1))

Cur fons aflowed to ine the itude of all five Hahn schoes and o
explain the appeasance of the echo a1 the moment 2t; + 1, due to dipolar infsractions of

multispin system,
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Design and construction of a fast ﬂeld—{y:ljng spectrometer with high By
h e i igation of superioni |

M. Nolee, A. F. Privalov and F. Fujars
Fachbereich Physak, Universitit Dortmusd. 44221 Donmund, Germary

The design and partly the canstruction of a fasl field-cycling spectrometer with By up t 24T, an
mbampgeneity less than 10pgm within lem’ and switching times below 1ms is described,

Mativation

Our mim is the i d of mational b in superionic (S1Cs), whach are
sofids with an unesually high lome conductivity comparable 1o that of liquid electrolyres. In
vecent vears there has besn growing interest in superionic condoctors, becanse they can be used
far & variety of applications e.g. sensors, hatteries and foel cells. To snudy dynamic processes i
S1Cs  an the microscopie scale the frequency dependence of the T, relaxatson tme can be
analysed, since it is sensitive to the spectral density of melecular motions [1,2]. Furthermors it i
particularly suited ¢o the investigation of & possible motomal heterogeneity m the superianic sk,
First test measurements wese performed on the flucrine conducror LaF, with a svsonite sructure
in the frequency range of 9 10° — 4-10° Hz and have shown o devinticn from a BPP-befavios
which was Fully explained by a di of ion fimes [3], The sudy of F fus
the advantage of a high sensitivity and of a pronounced chemical shaft which makes it possible 0
resolve different structural positions. The necessary speceral resolution accounts for the need af 2
good By homegeneity. Furthermore short switching tiness ere required. since the T, relaxation
time is expected 10 become smaller than Ims in low magnetic fielde

Concep!
Auuuhng 1o the need of & short switching time {<lms) & low inductance, air-cored, resistive
salennid with an electranic switching circuit was chasen, The bare dinmeter of the magnet is
ibesired 1o be 30mm. a0 thar a commeercial eryostat and a bomebuilt high wemperatare probe head
can he used to cover a temperature range of 4-1300 K,

A special coil aptimizarion and design is applied to schieve the required feld homageneary snd o
fow indusctanse, The width of the conducting wire is varied, causing A variable sument density,
while the pap between the
windings 15 kept constant (Fig.

1) To find the most favorable
wire shape an algorithm is used
to aptimize functions  which
describe the bounderies of a
coiled conductor as functions of
the winding angle [4] In our
case Chebyshev polynomials of .
&" arder are chosen as boandary
Funcsions: The thickmess of the
conductor is tmken it account
for the correct calculstion of the

oail geometry. By this s, oY
techmique the magnetic field in o 0w
wolime of 1 cm' can be Fig. 1: Cail with vanuhle wire width. aptimized for |0 mm

homogenized theoretically to a lengih, 198 s dissmeter aed 20 windings. Axis scale in mm



few ppm. As an exaniple the calculated field profile along the z-axis 15 shown i Fig: 2 for a coil
with a length of 100 mm, an inner diametes of 19.5 mm, a wire thickness of 1.8 mm, a gap widts
af 0.7 mm and 20 windings.

Funthermore the aptimizartion algorithm can also
be wsed to reduce the effective volume of the
magmetic field, and hesce the mductance, by
adjusting the field ot appropriate target points to
predefined values.

The cusment through the coal must be altered by
eleckonic  switching fo achieve fast field
rAnsiens. An energy slorspe principbe uttlizxing a
capacitor will ke applied [1,5]

It is planned 1o comtral the spectrameter by o
compuster which sets the switches and ndjusts the
magnetic field 1o the desired values, The latter 3 ¥

will be carried out by o MOSFET hank thet fmm)

megulsies the cument with a stability of bener Fa 2 Relauve &vistion of the feld aleng the ais
than §0ppm. From the cemer of the eoil. See baxt for pammeters

Realization
It was found that & 6 layer design with 20 windings per Iayer is optimal for our current source
{40V, abour 100H:4), It offers the sdditianal advantage that the gap between the windings can be
Lmm wide without a significant rise in resistance. This wide gap simplifies the mamcfacruring
withaut destroying the homogeneity in radial direction. Mmﬂ!]uymcnb:mmd
fram & copper wbe by a eamputer cantrolled milling tocl in the workshop of our physics
depastment and expensive techniques like spark erosion, laser or waterjet cutting can be avoided
The field eyeling cocust will be realized using insulsted gate bipolar transistors {1GETs) a5
switches, mnce they are faster than GTO thyristors, which ar= implemented in- several field
cveling spectrometers [5]. Principally it is alsa possible 1 use IGBTs warking in the active zons
far the cument regulation [6], bus nowsdays it is etill easier and cheaper o employ a MOSFET
bank. We decided 1o apply low voltage MOSFETs, since they offer 8 bener regulation
ic and & lower drai Blyuoe than high valmge MOSFETs.
Far dats acquisiticn and the control of the spectrometer & computer mumming LabVIEW will be
utilized [7]. The campater will be equipped with a pulse proprammer card, o transient recorder. a
TB-card and  standard 1Q-card, The reference signal for different magnetic fields will be
generated wsing an external 20-bit DAC,
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Field Cycling NMR Seudy of Structure snd Dynames in Liguid Crystals
D Loganathan, K. Ve and V. 8. 8.
School of Physics, University of Hyderabad, Hyderabad - 500 046, INDIA

Of the dynami der director ioms (ODF), ical (SD) amd

could affect NMR refaxation times in these systems,
FCNMR Spectrometer :

Field Cyeling NMR. spectrameter operating at 3 MHz is fabricated and standardized [2] which mainly
censists of a pulsed of spectrometer 2nd an electromagnes which allows fast switching of the Hields in Jesser than 3 ms.
These mgnet coils are energized through 2 bank of power MOSFETs and a stability of the fied of abaut | @ |07 is
achieved with the help of a PID type comtrofler and o compensating circuiz. Switching circsits are made using pows
MOSFETs insezad of OTOs [1] in car smple FOCNMR spectrameter.

Experiments:
relaxation e (T)) as = function of Lammor mnnt

Obeervation of protos spdn-tattice r frequency
range (= m‘nqa'mudmmmmumm_mdqm 40.3,40. 4, 4
?Mdd?mmﬂmmhdmmmhhﬁwammmmﬂlil

malocular [oeder direcice icns (ODF), molecular seif-diffusicn (SD) and individ)

Ryl fsec)

—w It} o T— ] o
Fraguency (Hz) Fnsauanr.y {Hz)

kil



a Do {43 mematz)

Fraguency (Hz) Frequency (Hz)

Resalts and Discussion:

The plats shows th 1 d éata and thearetizal calculations from o the th e al
wﬂmam-m],mmmﬂhmmdmmmwwmhmdm

three mechanisms. Alang with the effect of end chain lengths there i another property which influences the ODF
behaviour namely the ‘balincing of end chains”. In ccenparison with sarbier high frequency studies on the same
samples it is woeth coasidering the following pente.

fes behaves differenly from even chmin samples which generally shows mare prominen cfficss
eulh: thwlnbymm mamawm In 52 of odd chain sampies increass of chain length
ez o b i e of the corn,
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NMR Proton Dipolar Order Relaxation in Nematics
Studied by Field Cycling Technique

(JMgnstLZamuundD!Pum]
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Cladie! Urerersiariz. J000 Concista, Argsrstan

§. Becker and F. Noack
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J SRR T M———_—

NMR sludses af mulu:ul.ar mutions in liquid tryslals are usually performed by o dlf’krem kinds af
which provide exp data wsefial 10 di spectral
d.ensmes af superimpassd molawlﬂ reorientations, namely: one being a cnmbumlmq of high-field
Zeeman relaxation T, with high-field ipofar or quadrupolar order relaxation Ty, and T\, temperatiore
dependent measurements a2 constant Larmor fraguency
{ 0" the other kind ane frequency dependent T, stadics over a brosd v, range, often applying fast-field
cyeling techniques ™ Nowadays, with the Fast Field-Cycling technique, such frequency dependent
measuretnents are also appl::sb.l: to Tjp. However, it has ealy been seldam tried and not systematically,
mainly because of experimental limitations.

Recently we repeeted expenmental sesults of T,y and T, nematic thermatropic liguid crystals measured
wvera brosd Larmor frequency cange (407 - 7. 10" Hz ) by combining the Jeerer-Broskaen pulss sequence
and Fast Field-Cycling NMR technique, ™ We found that the experimental results clearly disspres with
the pradictions of the standard two-spins approach for dipalar spin-fattice relaxation rate in nematics
This model considers 25 the spin system the nearest protans of the benzens rings of the molecale,
neglecting the remaining interactions ameng the protons of the tils and the benzene ring. The predicted
dipalar order relaxation is :agmﬁranuy slower  than the ohserved one. As a remaricably fearure the
difference between the LT b the | ned high field range shows the
typical frequency dependence of the OFD, w'? . The ohserved dmc:cpancy indicates the existence of
impertant mechanisms of dipelar relaxation dnueq by the OFD that are not iscluded into the
oversimplified two-spins medel. However, at present the natare of such processes remains unknown.

In this work we © iy bath i and i the influence of multi-spin
imeractions and correlations involving more than two spins an the dipolar relaxation rate, With the aim of
distinguishing the contributions from the protons of the core and the 1ils to the dipolar relaxation mee, we
measured T, and T, in PAA { para-azoxymnisobe) and in the partially deuterated PAA, in the frequency
range 3 -1 Hz The former matetial reflects the dynamics of the complete spin system and the ltter
the dynambes of the core of the molecules. We found tha: the OFD are the main mechanism of dipolar
ceder relavation, similarly 10 our previows results in nematics SCB and HpAB.™ Here, there are also
poticeable gaps berween ibe prediction of the bolated spin-pair model and experimental data for bath
compoimds | see Figure ). This facl sugpess that the Faifure of the siandard model to secount for the
experimental results is not relsted direcily to the neglecting of the prosons of the tils, and thas the source
of the discrepancy should be sscribed to the emission of relaxation processes associsted 1o the henzene-
sing pratons. However, afier cabeulating T, for PAAL, in a general way, within the semiclassical theory
ani iavalving all the core spins, we found a negligible corection. This result indicases, in consissence
with the ehserved proton spectra "' that the relevant dipolar interaction is that of the first neighbors and
thar the faflure should be sought in the basic sssumptions of the semiclassical weak-arder relaxation
theary.




Summarizing, the present study shows that a thorough theoretical revision of the effect of the slow
nu:mﬂms uivhe directar ¢ the dipalar relaxation mte becomes necessary. In particutar, the role of the
epin | during the lifetime of the sons shiould be i
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Setting up a field-cycling spectrometer control

M. Nolte. 0. Lips, A, F. Privaloy, T. Feiweier and F. Fujara
Fachbereich Plysik, Universitit Dortmund, 44221 Deronund, Germany

Ta control & new built field-cyeling spectrometer [1] nnd to standardize the NMR saftware used
an different in our we need a devel, which allows
programs to be quickly designed, modified and adapted to vanous hardware. LabVIEW [2]. a
product developed by National Instruments, ideally suits our needs. LabVIEW uses the graphical
programming language “G" Programs consist of graphical symbols rather than of textual lan-
guage, For example the NMR signal is represented as a "data source-object, which is connected
w0 a “waveform graph”-object. The waveform graph object is predefined in LabVIEW for output
of dara to the screen and the data source object is either supplied by the data scquisition hardware
manufactures or can be build in conjunction with standard drivers, To present acquired dara in the
graph twa ohjects are simply wired to cach other. A Fourier transformation of the data can be in-
cluded by inserting a “Founer mansformation”-ohject between the two existing ones {Additional
miformation is nec-
[T
fully pass it to the
waveform  graph,
ses figure 1} In this
way it is simple for
the developer and
the user to apply
modifications to an Fig. 1: Example of NMR programming in LabVIEW
Existing program.

The whole system centers on LabVIEW. In o dedicated computer running 32-Iie Windows we
can easily access the installed hardware with the help of LabVIEW objects, In this way it is pos-
sible to contrel the whele spectrometer from a simple window on the screen, showing endy the
nfarmation and controls we want to see,

The hardware periphery consists of a pulse programmer card, a transient recorder and & gpib-card
5 shown in figure 2. Fusthermore we plan o ose a standard 1'0-Card and an extenal device with
a 20 Bit-DAC form Analog Devices [3] to control the Bo-field with ligh stability. We have cho-
sen an external device 1o minimize noise at the DAC. To be able to switch the values of the By-
field in a minimum of tme, these values have to be stored in the external device containing the
DAC, For this reason, the device needs its own memory. The pulse programmer card will have a
“reset”™- and n “next™line connected to this device. All values of the Bi-field get transmitted w
the device with a standard 1'0-Card before the pulse grogram is man. A pulse progrmmer card
from s.m.is. Led., which offers 16 TTL output- and 8 TTL input-channels with a time resolution
of 100 ng, is used.

Data acquisition is carried out by & transient recorder from IMTEC. The stan of the data acquisi-
tion is triggered by the pulse programmer ¢ard, When the acquisition is fimshed the data will be
transferred to the compater, pracessed if required and shown on the screen by LabVIEW

7a



Fig, 2: Block disgram of the controlling hardware

Beside mansferring Bo-field values to the externs] device the 1'0-Card will be used for additional
purpases e g. the tempernture correstions. The By-field value is controlled by taking the voltage at
& reference resigtos. Since the resistance changes with tempernture, these changes have to be
taken mnto account The temperature of the coil conductor has to be measured as weil [4] If it gets
00 high, an emergency shurdown will be execared Ciher secarity mechanisms will be imple-
mented without computer cantrol to gain responss tme.

Farth is the programming langage used by the s.mis. Cii-pidse [r—
pulse programmer card, but less suited for programming }:Aﬂsep:'hani:l,lgt Se-ng

purpeses. S0 we defined our own pulse programming
language that takes care of the tming specifications of Transiaied 1o forth
the card and mnkes o much sasier w write pulse pro- ;:gw [5{;3-,' 1024, ]
yrams. The example shown in figure 3 is 2 pulse com- - K

£l
mand, which applies a pulse of 500 nanoseconds to out- 7‘2;,},0‘,?
putno. 11 24

Fig. 3: Pulse programming example

Using LabVIEW we hope to bu:ld & universal ﬁeld—c,ycimg spmnmrw'd\ fast switching time,

whicly affers an intuitive erface and easy data

References

[1] ©. Lips er al., Design and ion of a fast field-cvelmg with high B; he-
geneity for the investigation of joni o be rep d at Symp Field-

Cycling NMR Relaxometry, Beslin 9%

[2] bttp-/fwwow nntinst. com/labview)

[3] C. Job, 1. Zajicek, M. F, Brown, Rev. Sci, Instrum. 67 2113-2122 (1996) Fast field-cveling
nuclear magnetic TesONANGE spectrometer

[4] Thesis of K.-H. Sehweikerr, University of Stttgart (1990)



spectroscopy

N.F, Peirson and J.A.5. Smith,
Department of Chemistry, King's College Londen, Strand, London,
WC2R 2LS, United Kingdom.

Field cycling NMR is a technique which can provide a wealth of information [1]
concerning melecular structure and melecular motion . The Fast Field Cycling (FFC)
spectrometer used in this work [2] has 2 mumber of advantages over mechanical field
cycling [1], Tn particular we nse the ahility of our instrument 1o maintain mtermediate
field strengihs for varizble periods, which would not be practical for & mechanical
SYSEEm.

This paper reports the N study of the NHg* jon in (NHg)2820g, in which we have
previously smdied the 170 quadrupole dip spectra [3]. The experiments wers
performed by monitoring changes in the 'H NMR signal at abour 40 MHz as the field
is successively eycled to Jower felds (3 kHz © 5 MHz) for variable periods. Three
lines are observed in the low frequency spectrum ar 30, 48 and 73 kHz, due to cross
relaxation of 'H with the 19N in the NHy © ion. Using multiple switches between high
and Jow fields it is possible to store magnetisation in the 14N buth, saturate the 1H
signal, and then observe the remaining 14N magnetisation. This provides a spectrum
for the 14N transitions which is not obscured by the effects of 'H relaxation, This
method can now be wsed to measure cross polarisation, cross rebaxation and 14N
reluxation times,

We are also able 10 populate specific 14N wransitions by polarisation from the 1H bath.
This allews the study of the connectivity berween rransitions. We observe an imeresting
paitern which might suggest that it is possible to determineg the sign of the quadrupale
coupling comstant.

1. F. Noack, Prog, NMR Spec., 18 (1986) 171 - 276,
2, M. Blanz, T.J. Rayner and T A.S. Smith, Meas. Sci. Technol,, 4 {1993) 48 - 50,
3. N.F. Peirson, J.A.S. Smith and D. Stephenson, Z, Naturforsch. 49a, (19%4)

351 - 353,
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Field-Cy: c.lm]&Dynamk Nuclear Polarization and Relaxometry
in Low Magnetic Fields: Techniques and Applications

V. Sapunov, A. Sabanin, A. Denisov, 0. Dekusar, D. Savel'sv
Quantum Magnetometry Labosatory
Department of Theoretical and Applied Pirysics
Urals State Technical University
Mira 5t, 19, Ekaterinburg, 620002, Russia
E-mail: svaig@ktf.reupi.e-burg.su

The laboratory QM develops the methods of a weak mognetic field NMR with the
purpose of research of geological objects and ereation of the geophysical equipment. The
best results are reached by method of field-cycling, that is coused by increase of relation
signalinoise and opportunity of research of speetral density of nuclear movements in 2
wide range. In the report are submitted the FC NMR equipment and mummber of examples
of its application [1-6].

1. FC DNP spectrometer of a range 0,05-200 Oe [1]
The sequence of action emsms of three periods: polurization at @ field indwction 10-200
Oe; relaxation or Or larization at 0.05-20 Oe with frequency ebectronic
pumping in o mnge 30-200 M}lz. registration by o spin echo methods at the fixed ficld
11,74 e, To create magnetic fields i in any of periods are using solenoid and Helmholtz
colls. The given realization of is chosen for T in & range of
magnetic fields 0,05-200 Oe and, rmmly for research DINP at varfous kinds of electron
pumping (hy L H, at usual saturation; by || H, when parallel pumping and DNP under
circular by polarization). Field-cycling method allows 1o mise signalnoise ratio  at the
340 cm’ samples volume and it to set norms DN signals.

Table shows the results of experiment and account on FC parallel DNP [2-3] in solutions
TANO (A" - norealized DNP amplification, /P - parity of spin rotation and anisotropy
hyperfine intersction, T; - total and T,™ - spin rotation times electron relaxation, T, - time
of radical rotary diffission and a, - settlement hydeodynamic radivs). Ho=3 Oe. Transition
2+ forbidden in srong magmesic field is samerated,

Solution | A |wp [T2, 107 [T 107 [n.10"s (o, A
Water 200£10 [0,142004 | 2,53 6,88 19206 |2.6£0.3
Ethemol | 1469 | 1042016 | 0,67 1,07 1603 |16+02
Dimetil- | 98£9 | 1002020 |2.27 80 13203 (25202
farmarmide

Dekane  [95=20 | 1062041 |152 1,85 0904 (22203

H <20 >57 0,57 0.5 <034 [<20
Toluene | 123=16 | L7035 | L4 2,5 04=0.019+02 |




Al present analogous experiments in porois media {powder) are preparing,

1. Proton relaxometer of Earth’s magnetic feld

The principle of action of the equipment is similar to item |. The polarization and
registration is carried out by the double solencid (noiseproof) with an internal dinmeter
1200 mm. The solenoid is perpendicular to a magnetic field of the Earth. The signal proten
precession s formed by switching off polarization current for 30 pS. The broadband
connection on noise is used, that allows to register times relaxstion  up to 10 mS. The
computer processing and sccumulation of o signal provide sensitivity up to 0,1% of o
liquid in volume of & sample 11 5x60 mm.

Rel: is intended for iom of porosity and permeability of the
rock {cores) near to drillhole, An index of free fluid and curves of proton magnetic
relaxation are determined. For example "T2 cutoff” around 30 mS represent the ability of
fluid to be prodaced or remain in drillhole [4].

3. Nuclear magnetic logging tools

The NMR methods is known to be used for provide direct information of the pore
structure and pore fluid in the drillholes. In order to improve FC NMR  of Eanth's
magnetic field we use the simultanevus signal recording of the Overhnuser proton sensors
and proton precession signal of oil. This ensures the signal/nokse increasing and the
possibility to use the spin echo method. Simple spin echo methed also allow to realize
radial tomography that is impotent 1o excluding of the harmful indrillhole proton signal.
To similar we investigate using of the gradient magnetic impulse [3].

4, FC Overhauser's magnetometer [6]
The given device is practical npphcan:un of 4 method of o field-cycling NMR and
ies with all ioned above equi The effective polarization field at
it of a proton precession iz 2000- 5000041 Special algorithms and processor
processing for definition of frequency of @ signal are wsed. The mode of broadband
connection on noise and digital processing used in the given equipment, allow to expand
Teception band of & signal without decresse of sensitivity and 1o increase speed of
operation. In our industrinl magnetometer POS-1 the sccuracy and sensitivity in the range
ahave 0.2 Oe up to (00K % is schieved.
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FIELD CYCLING CIRCUIT FOR A NUCLEAR MAGNETIC RESONANCE SPECTROMETER
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pasresblisee cil. el e

x im paper 1 new fiedd cyeling circuit for o NMR spectrismater is prupied. The tomaagy, the uperating
prisciple of the circus and same mulnn-naus are resmmed and discussed. Dar cirost is hased on o

and pood dyramics coa be

respasses
wbsined. Fast Fiekd Cycling poser suppiies based on s circus caa presnl betier perfmrmances and

wmonr mainienine.
INTRODUCTION
Experimental Fast Fickd Cycling (FPC) Nutlear

Magnetic Resonance (NMR] is o specmakapic
techmigun which is sirangly dependest an the performasce.

The load cument mormases when Upsil asd it
decrrasas when U<,

In nrder %0 be used in a Fan field cycling NMR
specETmeser, this cifes needs @ specific connl cireuit
mmwmmﬁmem“ﬁglﬂm(rmrnm

of pawer sepply 1, 2. 3], The

be usefol cn e mp ar et Fr ohubls et
suppies 10 incresse the peformunce of FFC NMR
specometers. In particelar the new circuits shookd be

w35y 4o mainesin, btk aspecs
af hame hoill equipment.

The industion magnes= feld 7 & fancoon of the
cvelieg 2umest This covent depesds on the powesr
capacity ed the elecwrical parameters of the magnet. The
corent dtild be as high 2 powsible and with the
minimam poasitda ripple. The sumeni source must sspply
the magnel with sharp currest puses of varable leagth
having adjustable and smooth high and bow cumens levels,
Diffarem concepes and cperseing pnnr.wlgs have been ued
o implement these sequirsments |4, 5.

In this wark, wepmpollamﬂeléc}dngmun
besed on o diffeest essull dapology s
semiccaduetors with high cument und voltaps hudhn:
capacitses and & diffeeet eomesp for the cosenl sirsuie

MAIN CIRCUIT AND OPERATION

The i sherwe in Tig. 1. B ropresents @
el e Gl A T Bl

Figurs | - Main cireut sopeligy

This coves has the followisy Gmele sransier
fonten, =5~ 3;) U, whete g = [ when dhe
semicondusior j is OFF aed g = 1 when fhs semicoaducrce
jia 0N

theeo Javela (1.0, 1. The coatral
citcult uipes sl s @ fencton of conerl e digel
(AL}, defited as the difference of the reference curmant (i)
and the magnet CuTent (i gl

it

Figure 2 - Comral cireuil eharacteristic

The wmiccaducecrs wate i sonmolied i such a
sy that &fferere paths for the current can be eeablished.
hwwlmwmmoﬂmxn.fw
the level -1 both semiconducion are OFF (g, = 0 for the
level 0: if AT > 0, 5 is swiched ON md 5; l!‘lﬂwb.d
OFF and vice-versa i &1 < 0 {woe fip 20 Fige 3 and 4
present ofl the above sieaarion

Figure 3 - Curmant pahs for the differess ramsiens
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Figwre 4 - Currest puis for the steady suie
SIMULATION RESULTS
The simulation results of the ourrent
eycling circuit are shown in the figs. 5 sad 6 These results

ware, ohizsod considering the elocirical parmmeters of a
[ E——

WG R A GO DB KOO0 GO OB L0 1
]

Figare 3 - Cormors mansams fram Sow 50 high lovals o the
eferimee atel oted SR (— i — )

fig. & The comral eineuit nupes sigral has the expacted
behanvior.

Anoder imponsst parameter for the field smbadity
i the carrest eipple. [s fig. 7 we show e typical trisngsiar
wave. frm of e cumem's ripple (for e sake of chra the
asmplitude: of the ripple wos inereased). The cumrent ripple
can be roduced, in presciple, dewn 10 the operational
wmplifiers noise level, with & well Gmensioned and
implemested coatrol circait,

il
n
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Figure 7 - Current ripple for s = 104

Aspther important sigral tn snabae s the staric
ermur which has the tame form of the reple sigral. The
ampistude of this signal can also be adpested acting on the
conrnl sireuit

As fasl rerurks we would ke o pount ou tha
with & simple cireuil sepology. stae-ciihe.ant power

-

sl u difforont control concege. # simple
fast swischabile, kow ripplo and sasy s0 maintsia FEC NME
r's powar supply can b

=

vt e v

=

Figurs £ - Magnet current and conaol cout cupur signal
for fg = 10 &

The cesuls shown in fig 5 are similar so other
referred i the liserature and are adequate for o FRC NMR.
speciometer [4, 4, 6}, Cument smssiesss from 3 high level
10 3 low lovel have the same behavior.

The time evolution of the oupem control cival
sigral and raspective magnet curmest are presersed in
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Pulsed Field-Cycled ENDOR Spectroscopy

G. Sturm, I Iﬁ!lan,&.hﬁtr.l Voltlinder
Institut fir Physikalische Chemie der | Miinchen, i 11, D-80333 Mimnchen
lymp. phys. chermie uni- '3

An experiment is described that detects hyperfine transitions in zero field with pulsed EPR. and
field cycling.

Introduction

Ome way of improving the resolution of powder spectra in EPR speetroscopy is high-field
EPR [1] with its "single crysial like” spectra on account of the enhanced spestral resolution, Yet,
complete removal of the & line broad: of di samples is possible in
zero field with its spatial isotropy (zero field resonance, ZFR [2]), The main disadvantage of
ZFR is its low sensitivity. However, it is possible to combine the !nnsmmye(x-baud EPR.&nd
the resalution of zero-field EFR by fleld-cycling s with of
between splittings in zero field and detection in hmh field. Recmlly, & CW field-cycled ENDOR
experiment has been deseribed [3], In this paper we present the first report on a pulted version of
this experiment.

Experimental

The expenment was carried out with our field-cycling spectrometer described elsewhers [4].
The field-cycling EPR. probehead [5] was modified (Fig. 1) and now includes a 14-tum ENDOR
coil for the excitation of zero-fisld transitions. The coil is twisted around a cylindrical Rexolite
support and fixed by a teflon ribbon. Inside the ENDOR-coil there is & rexolite holder for a
‘bridged loop-gap resonator [6] made by chemical deposition of silver at reom

¥Fig. 1: Probebead for pulsed fisidhcycled ENDOR. © Rexolics ENDOR coll support.
& Reolie holder for the beidged loog-gap resonioe
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spectram represents aly 50 % of the EPR. signal wishout fleld
lal 4, 20 feld,

Results and Discussion

Fig. 2 (lower trace) shows the first pulsed field-cycled ENDOR spectrum, the sample
being coal at 4.2 K (impregnation pich HL, VIT AG Castrop-Rauxel). The magnetic field
dropped within 0.5 ms from high field to zero field. In zero field the sample was iradiated for
800 ps with a frequency stepped by an equal increment of 50 kHz after cach cycle, The echo
intensity was monitored 2§ ms after switching back to high field. Only one broad ENDOR line
can be scen, similar to the broad powder pattemns found in room temperature HYSCORE-
experiments of the same sample, and assigned to "'C hyperfine couplings [7] A comparison with
the upper trace of Fig. 2, obtmined without rf irmadiation in zero field, shows the remarkably
strong ENDOR effect of 50 % Studies with an improved magnetic ﬁeld-cydmg apparatus and
samples for which we expect narrower ENDOR lines are still in progress.

Conclusion
The first pulsed feld-cycled ENDOR spectrum is presented. We expect that future stedies
with other samples will show the high-resolution capability of this method,
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Field-cycling NMR study of slow molecular dynamics
in nematic liguid crystals in porous glass

M.V.Tergkhay, S.V.Dvinskikh
Institute of Physics, St.Petersburg State University, 198904, St Petersburg, Russia
e-mail: terehovi@snoopy.niif spb.su

Microconfined liguid crystals are of considerable interest from the bath of
theoretical and technological point of view. In recent years the NMR method has been
successfully applied to these systems to obtain an information on director field

iit order p distribution, features of phase transition and molecular
unchoring on liquid crystal-pore wall interface. Confinement of the liquid erystals in
submicron pore marrix results in i change of molecul ics. The main

change in spin-lattice relaxation due to restriction geometry effect, as compared with
bulk sample, is expected in & low Larmour frequency rangs.

In current work we present an i igation of glow mol 1y ics in nematic
SCB liquid erystals confined in submicron size porous glass by field cycling proton NMR
relaxometry in & wide frequency range 1-10%-2-10'Hz, Also the results of the application
of zero-field NMR. spectroscopy to this svstem are reported end compared with relaxation
data, In liquid crysrals in glassy porous matrix the cross-relaxation contribution [1] is
abzent, thus giving the opportunity to uhs:rv: more clearly, as compared with the

previous studies, the other relaxati ppeared under confi Different
continuos-pore glass matrices with average pore size from 7 nm to 200 nm were used,
Hi built field-cycling rel and itz dification for zero feld NMR
measurements is described in [2],

In the entire freq range spin-latti i rate is smallest for bulk sample

and enlarges with the pore size decrease, The relaxation rate difference between hulk and
confined samples is strongest in kHz frequency range. The numesical xnal}lms nf the

experimental data have been performed to distinguish the most effe
mechanisms in the samples with different pore size. ]t was found that in sm-plcs with
large mean pore size the lational-induced (TR} 3

dominates in range 10°-3-10* Hz, while in 3-10°-10° Hz frequency renge the order director
flucruations {(ODF) is more effective process. In sample with 7 nm mean pore size the
main contribution to the relaxation was accounted for by the self-diffusion processes (3D)
slowed down in near-surface area, while the effect of TR and ODF processes is negligible
in the swdied frequency range. The numerical analysis of relaxation process in large pare
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zamples have been updated with account of molecular motion slowing down in the near-
surface layers. This approach allows improvement the relaxation data fit within 30-
TOOKHz frequency regien [3].

102 1w w0* 1% 10f q07  10f
v[Hz]

Fig L. T, dispersion of nematic SCB confined in 200am (0) and
Tam (A} average size glassy pores Solid lines represent the
nnm!rltu] fit with account of order dircctory floctustion,

induced molecular reori and self-diffusi
relaxation  contributions.  Broken lines are  the sepamte
contributions for 200nm sample.

Zeso-field 'H NMR spectrum of the SCB in 200 nm and 80 nm pors shows a
characteristic doublet structure. By contrast, zero-field spectrum of the 7nm sample has

no resolved strucnere, A ing of sp . a5 F with bulk sample and

sample with large pore size, is accounted for by the combined effect of the motional
ging caused by translational diffusion induced reorientation and order |

distribution [3].
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Fropertics Effeciing The Relaxivity of Dendrimer MRI Contrast Agents: FCR ar) EPR Studies
EC. Wisper®, MW, Brechbiet+, J. Chen, L. Belfiard®, und B. Clarksan®, *University of lilineis @
Urbana-Champaign, +Natianal Instinues of Healih, NCL USA.

Introduction:

We bave prepared macramalecular MRT contrast agents based on dendritic palymers.! The
geoemtric ncrease in the sumber of surfhes groups coupled with onty a linear increase in the diamees of
these polymers give them a umigue patential applicstion o systems that require smplificetion, The
preparation of contrast agents for medical disgnostic imaging i ooe such application. The exguisite
symiketic cantrol pver the critical mnlaen]nrd!m paramctess of of denidrimers also allows us to examise

many features that might effect the efficiency of th These nseries of
reiteratsve reactions starting with nn m:w;nm cone. Ev.'h irerntion defines 2 3mnnn W: have coupled
warious won.chelzie fiber armmemin oc
and 1.4-dismi dendrim
Field cyclmg. and EPR. were used fo chy the vari sans af the

rotational correlation time, electronio relaxation fime, and water residence 1ime. We repoct that bath
denirimer femily and generation effect the reloxivity of dendrimer-based agens. The dendrimser family
nlsn effects the size of the polymer at which the water residence time limits the relaxivity.

Methods:

Ammania and i ine (FAMAM), pl cal grade, were
provided by the Michigan Insicate, and 1,4 (PPT)
dzmhmm were pnmd:d by Dutch State Mines. The chelating agesis. 144-1M|o=,>1mmbcm1)-€-

i acid end 24 1,4,7.10-

nmy:l.udndmn—NN N "-tetraacetic acid were prepared following the methods of Brochbicl
and McMurry’, respectively. Conjugation of the isothinoyunates to the termene] ansines on the
dendirimers were carried aut as described by Wisner.' This procedure results in & thiourea band linkmy
the chelate to the dendrimer to farm PAMAM-TU-DTPA and PAMAM-TU-B2-DOTA derivatives,

Lomgrudinal relaxation rates, 1T, were cheained oo an [BM field cveling relaometer bult by
Koenig end Brown Nuclear magnetic relexation dispersica, NMRD, profiles were obiained &5 described
by Wienez el al.." The magnetic field ranged from 0.47 mT to 1,17 T, Relaxivities were abtained from
the slope of the graph of LT, vs [Gd] andiar by subtmactian of the reluxstion ate in the abaece af the

ion from: that G{TI) end mm;mmmwnlﬁdmm

The [G4IT}] = o2 determined by ded aegon gl

rp!\:maupy Lssitsg 8 Perken-| Elmn Sciex ELAN 5000 [P mmm
described by Wienes eral.!

humrmhmmdg matrices were & '—'Evumllmngd with SIMPOW, Batty
isatrupic and anisotropic rowtional mmmumdmmmmmmm For the
Enisutropiz fis M performed oo an TRM RE6000
320 MHZ 'nmp«wdnpmsnrlh: &ndmm:mva—;uhy 130,
Kesalts and Discussbon:

Uslike somirass apents made from lincar polymers thase prepared Fam some families of
dendrimers show an ncreass in relasivity sy the mobecular weight or generation increases. We abserved

P,
relaxivity ineressed from 63 so 120 (mM * s} as the generaton mereased from 1.5 10 8.5, For
gadolisium complexes of the PAMAM-TU-DTPA derivative the rebaxivity increase from 213 = 0.03 10
=4 (mM * s} 8 20 "Cand 25 MHz as the penesation went from 2 1o 6.
W neal tested the hypathesis that this mcrease m relaxivity was associated with an increase in
the rotatonal correlation time. Early studies by Metzler ot al indicate that ammonia core FAMAMSE have




twa types of mati i i and terminal. Th sanal correlation times of the
terminal motions |mu=hyml,ya factor of ehout tan 23 the generation increases from 1 b 7. Those of
the internal motices increase by more than twenty times, Calealations of the rotational correlation times
from EPR data of vamadyl complexes of the generation 2 and 6 PAMAM-TU-DTPA dervatives give
average rottional carrelation times that match the range of imemnal motions obtained by Metzler for the
comesponding generation. Analysis of the dara with an anigotropis mode] consisting of two rotzional
correlation times resulted i little change in the time comrespending 1o rotatioes abaut the axis that finked
the chelate %o the ammonia core for the generation 2 and § PAMAM-TU-DTPA derivative. However the
rutational correlation time that corresponds 10 the ovesall maolecular rmbiling of the rwa malesales
increased from 10 to 31 ns a1 25°C umwmmmﬁm Iwmb,
af the relaxivity on either 1 the water residence

time can be determined by examining the NMED profiles st different temperanares. Increasing the
{emperahume decreases hnﬂnbemmnwml cemelation time and the wu:r residence time. Docrensing the
‘rotatianal correlation time aks ' ly dependent ioe-chelate comples.
Decreasing the water residence time will increase the relaxivity far ion-chelate complenes with lang
IEmiting water residence times. Therefor an inereass in the relaxivity associate with an increase in
Iemperatire implies thet the refaxivity is limited by the water residence time. Our data for gedoliniom
complexes of the PAMAM-TU-DTFA asd PAMAM-TU-Bz-DOTA derivative indicaze that s the
system becomes rotationally constrained the water residence time can limit the relaxivicy, The relaiviny
of the generation 6, for both the PAMAM-TU-DTPA and PAMAM-TU-Bz-DOTA derivatives, monsase:
with increasing emperatiste. Indicating that the water residence time d:mnnnu the mh:uuuu of these
agents. Only af ion 2 PAMAM-TU-DTPA deri

The stadies indicate that tbe rotational correlation umdnmlﬂ:i dm redaxivity of
the generation 2 PAMAM-TU-DTPA rlmwlm( This ||Irp|.\u ﬂul!d!ndn!“ﬂ of & different family and
shape might have s higher relativity. In pariteuler id deri should have & highes rocational
comrelation time and therefor & higher relaxivity. The polypropylenemmims and EDA core PAMAMs
sheald ave elongated sructures and higher relaxivities, We tested this bypothesis. The relaxivity of the
generation 2 PPLTU-DTPA derivative i3 30 & 2 relative to 213 2 0.03 (mM * 5} for the same
genemation ammoeaia care PAMAM-TU-DTFPA derivative, EPR. studies indicaze that the roiatianal
comrelation time of ke motion about 1he axis connecting the chelate to the core is the sme far bath
derivmives. Huwevar b rocatiomal corelation sime far the overall maleoular rmbiling of the molecules
are guile different and are [0 a0d 33 ns at 25 °C for the ammeeia core PAMAM-TU-DTPA and PPL-TU-
DTPA desivatives respectively, This is congistent withan e'lnqgmad mn

These findings the af & agerits. They show that
the relasivity af these agents incenses with b rotatiomal correlatian time, and that the water residence
time of GdilIT- DTPA DOTA i limit iwity of the larger ives. The dats
shorw that the dendrimer family, and effect the relaxivity. thn more as different

chelates have difTerent water madenu tames, the chelate can also determine the generation that the wanse

residence time becomes imporant,
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Field Cycling Method for Dipolar Order Relaxation Study in Liquid
Crystals,

R. Zamar, E. Anoardo, 0. Mensio and D. Pusiol.
Facuiad de Muesdrica, Asoonomia y Fision. Universidad Nacioral de Cirdoba. Meding Allende y Hava de La Torre, Cludad
‘Universiasia. S010 - Cérdata - Argentina,

5. Becker and F. Noack
Faysikalisches Instinut der Universitin Stuttgnrt. Pfafferenldring 57, 7000 Ssemgart 80, Germasy.

Dipalar enesgy i using 1] Broel sequence becomes
a dificult experiment for Larmor frequencies under 2 MHz. In the low frequency regime, the
signal to noise ratio of the dipolar echo becomes strongly reduced because of the poor spin
podarization. The field cycling method consist in polasizing the spin svstem and performing the
Zeeman 1o dipolar order transfer in a high field, while allowing the svstem to relax in a lower
field [1]. The polarizing magnetic ficld is switched off after the solid echo and the detection
Zeeman field is switched on to aquire the dipalar echo (figure 1),

a0, 45, a5,
H,
H\H'\ {L-\ Dipolar Echo Figure 1

A3 @n application, in this work we preseot an experimental sudy of T|p in nematic
thermoaropic liquid cryssals measured over a broad Larmor frequency range (103 - 6107 Hz).

H,
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Figure 2 shaws experimental Ty values for two thermatropic nematogens: SCB (209 UK)
and HpAB (383 UK} The solid line shews the expected Tqpy frequency dependence obiained
from the semiclassical twe spin model relaxation lhwry To abtaim this curve we fited T)

ion data of these compounds (in the same conditions) in order to evaluate the
envolved spectral densities. Experimental results are in clear disagreement with the predictions of
the stondard two-spin npproach for dlpn]n( spu\ lattice relaxation rate in nematics (the difference
between theory and exp on the Larmor frequency), To fit
the experimental data (dashed hne in ﬁgur: 2} in the high and intermediate field mnge, 2 wl2
comection term must be added o the imdmunnl model [2]. This aditional contribution shows a
typical frequency 1o oeder [ ions of the nematic director (OFD).
These results reveal the existenice of important mechanisms of dipodar relaxation which are
driven by the OFD and that ar¢ not included into the usual two-spins model. We found a strictly
zeto comection for T1 after including multispin correlations, within the assumption of spin
temperature. This result does not depend neither on the location of the involved spins, nor on the
kind of the molecular motions.
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