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The First symposum on Fiedd Cycling NMR Relaxometry was held in Berlin 1998, with the

purpose of
- bringing together dl the researchers practicing FC methods with those who do not yet but

areinterested in gpplying this technique in the future

fooming a discusson forum promoting and  cultivating the destription of  molecular

mations in complex system by spectrd dengties in relation to recent condensed matter

theories and

disamingtion of the information on the technigue as wdl as the potentid of its
goplications
and it proved to be abig success.

This meding is a continugtion of the fird symposum with an am of grengthening the interaction
between the FC usars, making possble the exchange of new idess or techniques and if possble
forming an dectronic discusson forum (FCNMR information server) ec.

The symposiumwill consist of lectures and poster presentations on the following topics

Techniques

Diamagnetic biosystems

Magnetic Resonance Imaging

Paramagnetic biosystems and leve-crossing experiment
Polymers and liquid crysds

Porous media and surface systems

Organizing Committee:

Slvio Aime (Universty of Torino)
Robert Bryant (Univergity of Virginia)
Gianni Ferrante (Stdlar sr.l. - Mede -Pavia)
Claudio Luchinat (CERM - Firenze)

Organizing Secretariat :

MartinaDi Paolo

Fondazione per le Biotecnogie
Via Settimio Severo, 63
10133 - Torino- ITALY
Phone: +39 011 6600187

Fax: +39 011 6600708

Language:
The offidia language of the Symposium will be English

Internet web page: http://nmr.ch.unito.it/meeting/ffcrelax
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Two Completely Different Shuttle Experiments. PQR; and NMRD/NOE Enhancement
in a 500 MHz Commercial High Resolution NMR.

A. G. Redfidd

Brandes Universty, MS 009, Wdtham, MA, 02453-2728 USA
redfid d@brandeis.edu

Fra | will give a find report on our PQR project (Ivanov and Redfidd, Zet. Naturforsch.
533 p. 269 (1998); dso, Fird Belin Workshop, 1998). Fadt proton rdaxaion, and wesk
dipolar coupling, frustrated our origind srategy.  We findly found B sgnds of boronic
add inhibitors bound to protesses usng a smple H to B cross polarization, followed by a
two stage shuttle and fidd switch to zero fiedd and back, with 'B direct obsave a 11.7 T. A
rdaivey short RF search pulse a or near zeo fidd showed PQR dips diagnogic for a
tetrahedrd aduct. The second pat of my tak summarizes my project to replace the upper
barrd of a sandard 500 MHz insrument with a shuttler to move a dandard 4 mm NMR tube
from the center of a commercid 500 MHz indrument and 5 mm probe, up to the fringe fidd,
to pamit a Rt or NOE mixing intervd to be programmed within any sequence  This
somewhat repeats previous work (1); the main problems are to be able to ingdl and remove
the entire equipment from the spectrometer within an hour; to not bresk the probe or sample
tube to have essy operaion with temperaiure control and performance monitoring; and to
reduce vibration and bounce acceptebly. The shuttler will be nearly complete in May, but
may not yet be tested in a spectrometer.  See my web Ste (search Brandels University) for an
up-to-date detailed report on its condruction.

1. Wagner et d., IMR 140, p. 172 ('99); Wu and Johnson, IMR 116, p. 270 ('95); Kerwood
and Bolton, MR 75, p. 142 ('87).
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Sampling spectral densitiesin the kHzMHz range by resorting to off-resonancerf
irradiation in a high magnetic fild NMR spectrometer

P. Berthault® M. Goldman,” M. Guenneugues® C. Wary? S. Zinndustin® and H. Desvaux®”

*Sarvice de Chimie Moléculaire, URA 331, "Sarvice de Physicue de I'Etat Condensé,
“Département d'Etude et d'lngéniérie des Protéines, “Service Hospitdlier Frédéric Joliat,
CEA/Saclay, F91191 Gif aur Yvette, France.

Email: hdesvaux@Ceafr

In the rotating frame, the presence of an rf irradiion of frequency w, shifted out of
resonance by an offsetD, defines for the sping an effective fidd which is tilted by an angle
g= actan(w/D) redive to the datic magnetic fidd direction. By vaying the rf fied
amplitude wy and the offsst D, one can continuoudy vary (i) the angle g from the longitudind
condiions (q=0°) to the transverse ones @=90°), but d=o (i) the effective fidd amplitude W
= (O +w?). As a conssquence of this double modulaion, the relaxation rates of the spin
components digned with this effective fidd axis depend on the spectrd dendty vdues a 0,
nwv and pW frequencies. Due to the large range of wi and D vaues which are experimentaly
avalable, the approaches based on the dudy of reaxaion in the preence of an off-resonance
rf irradiaion dlow the obtaining of many messurements which ae rdied by wdl-defined
equations. This can be usad to improve the accuracy of the determinaion of the physcaly
relevant parameters.

In this presentation we shdl concentrate on the smdler frequencies (terms dependent on
p\), tha is the deection and characterization of motions occurring in the micro to
millisscond time scde Two types of reaxaion mechanisms will be consdered: (i) dipolar
relaxation as an example of an interaction presents in al the range of frequencies and (i) fast
chemicd exchange, which only contributes in the low frequency range and requires high
daic magnetic fidds to enhance its effects We shdl show that the informaion on the
spectrd dendty functions can be accessed not only by determining the rdaxation rates, which
is rather time consuming, but dso by messuring the dSeady-dae megnetizetion in the
presence of an off-resonance 1f irradiation. The advantages of this adternative method will be
discussed.

Seefor areview on thisfidd:
H. Desvaux and P. Berthault, Prog. NMR Spectrosc., 35, (1999), 295-340.
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MAGNETIC FIELD CYCLING DOUBLE RESONANCE STUDY OF SOME SHORT
INTRAMOLECULAR HYDROGEN BONDS

J Sdiger " 2and V. Zagar?
1. Depatment of Physics, Faculty of Mathematics and Physics, University of Ljubljang,
Ljubljana, Sovenia
2. »Jozef Stefan Indtitute, Ljubljana, Sovenia

e-mall: Janez. Sdiger@fiz.uni-lj.9, Vesdko.Zagar@ijss

Y0 nudear quadrupole resonance (NQR) spectra have been meesured in naturdly
gboundant  dibenzoylmethane, benzoylacetone, acetylacstone and  pyridine-23-dicarboxylic
add by a highly sendtive 'H-YO nudear quadrupole double resonance technique based on
magnetic fied cyding.

In dibenzoylmethane we observe two non equivaent oxygen pasitions. The O-H..O
hydrogen bond is thus asymmetric. The asymmetry increases with decressng temperaiure.
The sum of the OH and O..H digtances as determined from the dipolar structure of the NQR
lines is less than the hydrogen bond length. This is characterigic for a dynamic proton
disorder OH...O « O..H-O.

The two oxygen pogtions in an O-H..O hydrogen bond in benzoylacetone are only
weskly non equivdent. No dgnificant change in the asymmetry of the hydrogen bond is
observed on cooling the sample from room temperature to 173 K. The two proton-oxygen
digances in a hydrogen bond ae equd within the expeimentd resolution. Their sum is
amilaly as in dibenzoylmethane less than the hydrogen bond length what again shows the
presence of adynamic proton disorder.

In acetylacetone we obsarve only one oxygen postion in the temperaure interve
between 150 K and 200 K. The hydrogen bond is thus symmetric within the experimenta
resolution. The protorroxygen disance as determined from the dipolar dructure of the NOQR
lines is equd to (0.118+0.002)nm what is less than one hdf of the hydrogen bond length. The
symmelry of the hydrogen bond is thus associaed with proton jumps between two equivdent
equilibrium pogtions

In pyridine-23-dicarboxylic acid with a raher short O-H..O hydrogen bond we
obsarve two non equivdent oxygen podtions The hydrogen bond is thus asymmetric. No
meesurable change of the asymmetry occurs on cooling the sample from room temperature to
173 K. The sum of the two proton-oxygen digances, (0.11740.01)nm and (0.121+0.02)nm, is
within the experimentd eror equd to the length of the hydrogen bond. Proton is thus located
in an off-center Sngle potentia well.

The present experimentd results are compared to the results of a previous andyss of
0 NQR parameters in G-O-H...O=C hydrogen bonds

2nd Conference on Field Cycling NMR Relaxometry —Torino, 2001. 3



Nuclear magnetic relaxation dispersion and radiochemistry
Jean F. Desreux, Bernard Lambert and Vincent Jacques
Coordination and Radiochemistry, University of Liege, Sart Tilman B6, B-4000 Liege,
Bdgium, jf.desreux@ulg.ac.be

Nucler magnetic resonance is not often used to dudy radioactive materids because of its
poor sengtivity and because few spectrometers dedicaied to such dudies are avalable. A
Szedble gan in sengtivity is reeched by messuring nudear magnetic reaxaion disperson
(NMRD) curves because the properties of the much more abundant solvent molecules are
investigated rather than directly those of the dissolved materid.

NMRD curves afford ussful informetion relaing to the dectronic digribution of the med
ions, ther hydretion date, the dynamic behavior of ther complexes and their aggregetion
date. Competition experiments yidd information on rdative dability and formation of mixed
complexes. All these infamation ae of interes in radiochemisry. Three applications of
NMRD will be discussed: @) the magnetic propeties of some actinides, for ingtance curium
(1), b) the interactions of f dements with humic acids and the migration of radionudides, ¢)
the andlyss of extraction systems based on macrocydlic ligands.

2nd Conference on Field Cycling NMR Relaxometry — Torino, 2001. 4



Relaxometry of Fast Setting Acid-Base Cements
T. Apih™®, R. Blinc®, P. Jevnikar™, N. Funduk®, O. Pawlig'”, and R. Trettin®

@] Stefan Institute, Jamova 39, SI-1000 Ljubljana, Slovenia
e-mail: tomaz.apih@jjs.si
® Medical Faculty, Department of Prosthodontics, University of Ljubljana, Slovenia
© Institute of Geosciences, Applied and Technical Mineralogy, Johannes Gutenberg-
University, 55099 Mainz, Germany

Proton nuclear magnetic relaxometry is a well-established technique for continuous
and nondestructive monitoring of hydration of conventional Portland building
cements''™. Here we demonstrate the feasibility of nuclear magnetic resonance
(NMR) monitoring of the setting reaction of fast setting acid-base cements, such as
glass-ionomer cements (GIC), resin modified GIC and zinc-phosphate cements (ZPC).
Like in the case of conventional Portland cements, the setting reaction that results in
hardened cement is here initiated by mixing a liquid with powder, but the studied
families of cements harden in minutes as compared to days in the case of Portland
cements. Due to convenient working time, good mechanical properties, bio-
compatibility and aesthetic properties, this materials find their dominant use in
dentistry.

In the experiments, the spin-lattice relaxation time 77, the inverse linewith T*z and the
intensity of the signal were measured as functions of the setting time.

2m T T T T TTTT T T T 100 T LI T LELELELRLL) | T LA |
180 9ok AquaCem ]
—~ I KetaCem
S 160 80 Fuji One z
& 140 70+ Fuji Plus P
g 120 = 60f PP M ]
& 100 8 sof £ Yoo ]
- 80 8 40-— s 0009 * -
Q A vi' o
60 o Lo MW M ]
30 V4
m 40 . 20F .7 e ]
E wof 7 .
'_‘_ 0 1 sl 1 1 e | 00 0 4
! 10 Lo .1())0 1000 1 10 100 1000 10000
min .
=t t_, (min)
Fig. 1 .
g Fig.2

Setting time dependence of the spin-
lattice, the spin-spin relaxation time
and the “liquid” signal intensity for
KetacCem glass-ionomer cement.

Reaction percentage, defined as the
relative amount of the remaining liquid
signal for the four GIC samples
investigated.



The decrease of relaxation times during the setting reaction in glass-ionomer cements
(Fig. 1) was found to be compatible with the Portland cement results"™, where due to
the fast exchange between the slowly relaxing bulk water protons and the rapidly
relaxing protons of the water molecules in the surface layer, the average relaxation
rate is determined by the cement paste surface to volume ratio.

On the other hand, and in contrast to previously published NMR studies of setting
Portland cements, where a decrease of spin-lattice relaxation time is attributed to
enhanced relaxation at the growing internal surface, the spin-lattice relaxation time 7}
was found to increase during the set of clinically used zine phosphate cement.
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Fig. 3. Setting time dependence of 7 in zinc-phosphate cement.

Comparison with a detailed study of self-diffusion coefficient, viscosity, and magnetic
filed dispersion of 77 in pure and aluminum modified orthophosphoric acid
demonstrated that the increase of 77 during the setting of zinc-phosphate cement is
connected with the increase of molecular mobility in the residual phosphoric acid
solution. Although not taken into account so far, such effects may also significantly
influence the relaxation times in setting Portland cements, particularly when
admixtures with effect on water viscosity are used.

1. G. Lahajnar, R. Blinc, V. Rutar, V Smole, I. Zupanci¢, 1. Kocuvan, J. Ursi¢, On
the use of pulse NMR techniques for the study of cement hydration, Cem. Concr.
Res. 7 (1977) 385

2. R.Blinc, J. Dolinsek, G. Lahajnar, A. Sepe, I. Zupancic, and S. Zumer, Z.

Naturforsch. 43a, 1026 (1988)

W. P. Halperin, J.-Y. Yehng, and Yi-Qiao Song, Magn. Res. Imag, 12,169 (1994)

. T. Apih et al., Cement and Concrete Research 31, 263 (2001)
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WATER DYNAMICS IN VY COR POROUS GLASS AS PROBED BY NMRD: CONNECTION
WITH THE PORE MORPHOLOGY .

P. Levitzl, JP. Korbl, A. Van Quynhl,2, S. Godefroyl, and R.G. Bryant2
1LPMC-CNRS, Ecole Polytechnique, 91128 Pdaiseau France.
2Chemidry Department, University of Virginia, Charlottesville, VA 22901 USA.
levitz@pmce.polytechniquefr

Mesoscopic media such as mesoporous materids develop large specific surface area These
matrices can be filled with liquid and the interfacid region between the solid matrix and the pore
network strongly influences the molecular dynamics of the embedded fluid. The confinement might
influence the molecular dynamics on a length scae ranging from 1 nm up to saverd mm . At short
times t and amdl digances r (t <1 ns r< 3 nm), neutron spin echoes or quas eadtic scattering can
be used to follow loca molecular dynamics indde the pore network or nearby the interfacid region.
At vey long times and large digtances (dbove 1 ms and 1 mm), macroscopic experiments or NMR
pulsed fidd gradient spin echo experiments are currently used. At the mesoscopic scde, few tools
provide indght to how homogenization and up scding are done. An interesting way to probe these
mesoscopic scaes is to look a the disperson of the nudear spin-lattice relaxetion rate of the liquid
molecule usng fidd cyding NMR rdaxometry. NMR disperson (NMRD) provides a remarkable
opportunity to follow the relaxation rate over a large range of Lamor frequencies, mainly from 10
kHz to tenths Mhz.

We have peformed such an experiment on a fully hydrated porous Vycor glass In order to
undertand the reaionship between geomeric disorder, intefacid confinement, and NMRD, we
have computed an off-lattice recongruction of the Vycor glass This modd agrees with avalable
expaimenta data (specific surface, porodty, chord length didributions, smal angle scattering and
tortuodty). A Brownian dynamics smulation was peformed to compute long time molecular sdf-
diffuson and NMRD data Experimentd data are wel reproduced and appear to be connected with
the trandation diffuson of water near the internd surface of the porous Vycor glass Severd other
multiconnected interfacid  dructures, such as periodic minimad surfaces (as found in the case of
MCM48), were investigaed and exhibit a different NMRD evolution. Therefore, NMRD gppears to
be sdectivdly sendtive to the interfacid geometry of these mesoscopic and some time disordered
porous maerids Possble extenson to some other mesoscopic divided media such as colloidd
systems or pastes will be discussed.
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PROTON AND DEUTERON FIELD-CYCLING NMR RELAXOMETRY OF
LIQUIDSIN POROUSMEDIA: LEVY WALKSAND SURFACE TOPOLOGY

Rainer Kimmich
Universtét Ulm, Sektion Kernresonanzspekiroskopie, 89069 Ulm, Germany
rainer kimmich@physk.uni-uim.de

H and 2H fidd-cyding NMR rdaxometry and fidd-gradient *H NMR diffusometry methods
were gpplied to liquids in porous media such as porous dlica glases fingpatide
agglomeraes  (ZnO, TiO,;, A0, sgponite and lipid bilayer disperdons (1). The typicd
dimengons of the pore spaces ranged from 1 to severd 100 nm.

At temperaiures below the freezing point of the liquids in the pores one to two molecular
diameters thick surface layers remain unfrozen. Molecular dynamics in these nonfreezing
aurface layers (NFL) were adso sudied. Confinement of the liquid adsorbate to the pore space
or, in frozen samples, to the NFL reduces the diffuson coefficent manly due to the
geometrical redriction. In the case of NFL, the reduction amounts to one order of magnitude
relative to the bulk vaues.

Pronounced differences of the spindatice relaxation digperson were found for polar and
nonpolar adsorbate species (2). This finding reflects the limits of “week” (nonpolar species)
and “drong” (polar species) adsorption (3). In the latter case, the corrdation times of the
adsorbate orientation are up to eght orders of meagnitude longer than in bulk. The low-
frequency soin-ldtice relaxation disperson is explaned on the bads of “reorientations
mediated by trandationd displacements’ (RMTD) of adsorbate molecules on the surfaces (4).

The propagators rdevant for trandaions dong surfaces are different depending on whether
the sample is frozen or not. In the case of the topologicdly twodimensond NFL, the low-
frequency gan-atice rdaxation data can wel be desribed usng an ordinary Gaussan
digplacement digtribution function for two-dimengond diffuson.

This is in contrag to the unfrozen samples in the drong-adsorption limit, where the low-
frequency data ae governed by a Lévy wak surface diffuson process. In the drong
adsorption  limit, bulk-mediated surface diffuson (BMSD) was predicted as a mechanisn so
that Lévy waks with a Cauchy propagator follow in the short-digplacement limit ingead of an
ordinary Gaussian function (4).

The orientationd dructure fector formdism of the RMTD mechanism origindly derived for
ordinary diffuson is genadized to Lévy waks This permits us to didinguish the influences
of surface diffuson and of the surface geometry on the spin-lattice rdaxation digperson. The
diffuson propagators relevant  in the frozen and unfrozen samples can thus directly be
compared. A marked difference was found.

A computer dmulaion of a random waker in the vidnity of drongly adsorbing surfaces
confirms these concdlusons (5). In paticular a superdiffusve mean-squared displacement
behaviour was found in the short-time limit as predicted by the BMSD formdiam (3).

The same proton and deuteron fidd-cycling relaxometry techniques were dso goplied to
hydration water in lipid bilayers (6). In the socdled ripple phase of such dispersons, the
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lipidweter interface is undulated with a ques-detic “wavdength” of 12 to 14 nm. Waer
molecules effectivdly diffusng dong such a corrugated surface show a correspondingly
modulated deuteron Spin-lattice relaxation digperson. It is shown that the motiond narrowing
of the wae deuteron line splitting can be explaned condgently with the spin-lattice
rlaxation digperson. Furthermore, the undulaion wavdength fitted to the experimentd daa
reproduces the literaiure vaue found with scanning tunnd  microscopy. The fidd-cyding
relaxometer used for the deuteron measurementsis described in Ref. (7).

. T. Zavadaand R. Kimmich, J. Chem. Phys. 109, 6929 (1998).

. S Stgpf, R. Kimmich, and R.-O. Seitter, Phys. Rev. Lett. 75, 2855 (1995).

. O. V. Bychuk and B. O'Shaughnessy, J. Chem. Phys. 101, 772 (1994).

. R Kimmich, NMR Tomography, Diffusometry, Relaxometry, Soringer, Berlin, 1997.

. R.Vdidlin, R. Kimmich, and N. Fatkullin, Phys. Rev E 56, 4371 (1997).

. R.-O. Satter, T. Link (Zavada), and R. Kimmich, J. Chem. Phys 112, 8715 (2000).

. R. Saitter and R. Kimmich, “Magnetic Resonance: Rdlaxometers’ in Encyclopedi a of
Soectroscopy and Spectrometry, Eds John Lindon, George Trantar, and John Holmes,
Academic Press, London, 1999, pages 2000-2008.

No ok~ wDdNDE
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Low-frequency Localized Spin-Dynamical Coupling in Proteins
Korb Jean-Pierre!”, Van Quynh Alexandra?, Bryant Robert?

!Laboratoire de Physique de la Matiére Condensée, CNRS UMR 7643,
Ecole Polytechnique, 91128 Palaiseau, France
Chemistry Department, University of Virginia, Charlottesville, VA 22901 U.S.A.

We show that the magnetic field dependence of the proton spin lattice relaxation
rates 1/T1 = AwO-b in non-crystalline proteins may be quantitatively related to structural
fluctuations localized along the backbone that modulate proton-proton dipolar couplings.
The parameter A is related to the temperature, the dipolar coupling strength and the
energy for the highest vibrational frequency in the polymer backbone. The parameter b is
related to the fractal dimensionality of the spatial distribution of protons and the spectral
dimensionality that characterizes the anomalous diffusion. Extension of the theory is
presented to treat the case of hydrated proteins. This theory is satisfactorily compared with
field cycling experiments realized on lysozyme protein.
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EXPERIMENTAL AND CONCEPTUAL CONS DERATIONS
ABOUT NMR RELAXATION PARAMETERS

E. Anoardo*

Sektion Kernresonanzspektroskopie— Universitat Ulm — Ulm (Germany)
Permanent Address. FaMAF — Universdad Naciond de Cordoba Medina Allende y Haya de
laTorre, Ciudad Universitaria (5000) - Cérdoba (Argenting)
emall: anoardo@mail.famaf.unc.edu.ar

Snce the origind formulaion of Bloch eguations relaxaion propeties of nudear spins in
matter turned to be of high interest for the study of different physca Stuations Forthcoming
theories of NMR rdaxaion were amed to edablish a connection between the
phenomenologica rdaxation paangers and the microscopic phenomena  driving  the
relaxation process. The semi-cdasscd goproach is usudly discussed in the motional
narrowing limit, and the well known expressons for the rdaxaion parameters in terms of
goectrd dendties is evoked [1]. Sometimes, these expressons are used regardless of the
vdidity of the origind physcd assumptions made to get them. Within these assumptions, the
semi-classica theory “for liquids and gases’ assumes a wesk order of the foin-sysem, a
random fluctuation of the interaction and a dominant Zeeman energy for the spins (at the end,
this theory represents the picture of a single soin immersed in a fluctuating magnetic fidd).
Such conditions, in principle fulfilled by liquid and gases & high magnetic fidds, may not be
whally sttisfied in other physcochemicd systems where collective or dow and/or anisotropic
motions are present. This Stuation can be reevant, for example, when deding with relaxation
expaiments & low fidds like those implemented with the ad of fidd-cyding (FC)
techniques. We know that a relaxation parameter can be dependent on the observed time
sde, and we asodiate the resulting disperdon with the molecular mobility indirectly through
the fluctuations that such motions produces in the dipolar, quadrupolar, efc. interactions.
Therefore, it is impatant to ensure tha the used modd is redly fitting with the physcd
gtuation of interest.

A second point tha must be addressed is the presence of fdse dispersons of the observed
rdlaxation paramder. In FC experiments, this dtuation becomes criticd if the evolution fidd
is switched down close to the average locdl fidds In such a case, unless the adiabatic cycle is
ensured, undesrable effects are guaranteed. A gmilar dtudion aises in the rotating frame
when the amplitude of the lock fidd matches average locd fidds A point of particular
interest related with FC Redaxometry is the presence of the so cdled “low frequency plateau”,
typicaly present in the disperson profiles of viscous and anisotropic fluids, polymers and soft
matter [2]. In this context, it is important to determine the red origin of the plaeau, and to
decide when this plateau could be masked by a fdse disperson or not. In such gtuations,
other experimenta techniques can be used to gea additiond informetion, like the dipolar
corrdation effect [3], or T, (pin-gpin rdaxation time) digperson as a function of pulse timing
inaCPMG (Carr-Purcell-Meiboom-Gill) experiment [4].

Other important aspect to consider is the information that each rdaxaion parameter provides
when used to explore identicd time scdes. As an example, we can compare the T, digoerson
(soin-latice relaxation parameter in the rotating frame) with the T, FC digperson within an
overlapping frequency band. While both parameters can provide the same information if the
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relaxaion in the observed frequency range is driven by isatropic mations [5], it could not be
the case under the presence of highly corrdated and/or collective motions [6]. Alterndtively,
the sudy of the Larmor frequency dependence of the dipolar relaxation parameter Tip as
implemented by a combingion of the Jeener-Broekaert pulse sequence with FC [7.8],
provides important complementary informetion.

The am of this communication is to present a generd discusson on these topics, with a
mayor emphasisin the lagt agpect. The discussion will be particularized to selected examples.

The author thanks the Alexander von Humboldt Foundation for financial support during the scientific stay a the
University of Ulm —Germany.

[4- A. Abragam, The Principles of Nuclear Magnetism Clarendon, Oxford (1961).

[2 - E. Ancardo and R. Kimmich, work in progress

[3- R Kimmich, NMR Tomography, Diffusometry and Relaxometry, Springer — Berlin
(1997).

[4- G. Kothe and N. Hegton, “Enciclopedia in Nuclear Magnetic Resonance’, D. M. Grant &
R. K. Harris eds,, vol. 7, 4436 (1996).

[5]- E. Anoardo, C. Hauser y R. Kimmich, J Magn. Reson. 142, 372 (2000).

[6] - E. Anoardo, F. Grinberg, M. Vilfan and R. Kimmich, submited.

[7]- S. Becker, PhD. Thess Universty of Stuttgart (1996).

[8- Zamar, E. Anoardo, O. Menso, D. Pudol, S. Bedker and F. Noack, J. of Chem. Phys109,
1120 (1998).
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MOLECULAR TRANSPORT IN A POROUSMEDIA BY THE PUL SE-
GRADIENT-SPIN-ECHO SPECTRAL ANALYSS

Janez Stepignik , AlesMohoriéand “Andrg Duh

Physics Department, University of Ljubljana, Sovenia
“Ingtitute of Mathematics and Physics, University of Maribor, Sovenia

The messurements of diffuson in the paous media by the modulated gradient spin echo
method (MGSE) reved drong dependence of spin echo atenudtion on the veocty sdf-
correlation spectrum of entrgoped molecules. This method takes an advantage of the relation
between the spectrum of molecular motion and the spectrum of spin phase modulaion crested
by gradient soin echo sequence. We show that for the gradient sequence with the two pulses

(PGSE) it brings about, in some other way, known /DD early time dependence of spin edc
decay. While & intermediate times, it provides the DaD+dl[L- exp(- D/t , )]dependence, anc
leveling into asymptotic time-independent atenuation when displacements are larger than the
sze of compatments. The measurement of water in the sysem of packed polydispersed beds
(0.2003 mm) dealy shows tha the flow-induced turbulences of imbibed water shorten the
time-of-flight between boundaries t, so that a distinction between these three regimes can be
seen. Here the effect of internd gradients due to the susceptibility difference of the
heterogeneous gructure has been removed by a specidly modulated gradient sequence that has
identicd  zero-frequency pesk in the dephasng spectrum as the pulse gradient sequence and,
consquently, the same evolution of sgnd decay. This spectrd andyses demondrates that the
PGSE with low gq=g¢gDd cen provide information about the parameters of porous sructure, like
the average pore Sze d and the tortuosty a, and 0 reved the longrange dructure of porous
media, paticulaly when used in combinaion with the methods of modulaed gradient pir
echo. Figure shows the PGSE atenuation of dationary and trickling water (velocity 1.1 mm/ 9
through porous structure. The MGSE atenuation® is given for comparison to demonstrate it
clear linear rise & same flow veocity.
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H Stepisnik and P.T. Cdlaghan, Thelong timetail of molecular velocity correlation in a confined
fluid: observation by modulated gradient spin echo NMR. Physica B, 292, 296--301, 2000.
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SPIN-LATTICE RELAXATION DISPERSION ANALYSIS IN A SUPERIONIC
CONDUCTOR

A.F.Privalov, O.Lips, F.Fujara

Institut fur Festkorperphysik, Technische Universitat Darmstadt, Hochschulstr. 6, D-64289
Darmstadt, Germany.
Alexei.Privalov@physik.tu-darmstadt.de

By analyzing the spin-lattice relaxation dispersion in systems with magnetic dipolar
interactions undergoing mutual diffusion one obtains information on spectral density
functions. In disordered systems one often observes a superposition of spectral density
functions. The determination of the contributions from the relaxation data is a complicated ill-
posed problem. In our sample of superionic LaFs, which contains several disordered motional
modes, a model free analysis does not apply. Nevertheless, spin-lattice relaxation dispersion
can be useful since a motional model is known from the *F NMR line shape analysis. Two
dynamic modes, a fast and a slow one, are identified for different structurally unequivalent
fluorine sublattices. Both motional processes are found to be “non Debye like” obeying a log-
Gaussian distribution of correlation times. The sensitive time scale of our relaxation
dispersion analysis lies in the frequency range of 50 kHz + 400 MHz corresponding to
correlation times ranging from 10 s to 10™'° s, thus overlapping and extending the line shape
analysis time scale (10“ s to 10° s). Thus we are able to approve a previously suggested
model and to extend it to much higher temperatures.

The measurements are carried out using a home built fast field-cycling relaxometer
[1]. The polarization field ranges from 10° T up to 1 T, the detection field is 1 T, the
switching time is 5 ms without and 0.2 ms with an active switching circuit. The
inhomogeneity over the sample volume is 30 ppm. The accesible temperature range is 200 K
+ 1400 K. In this field cycling spectrometer we thus span a frequency range from 50 kHz to
40 MHz. In combination with a standart NMR we presently cover frequencies up to 400 MHz.

The combination of NMR line shape studies and relaxometry widely enlarges our
dynamic range up to the neutron scattering regime. Corresponding experiments are in
preparation.

[1] O.Lips, A.F.Privalov, S.V.Dvinskikh, F.Fujara, J.Magn. Res. 149, 22-28, 2001



PMRD Investigations of a Low Viscosity Liquid Crystal

B.V.N. Phani Kumar, K.Venu, and V.S.S.Sastry,
School of Physics, Universty of Hyderabad, Hyderabad 500 46, India
R.Dabrowski
Ingtitute of Chemistry, Military University of Technology, 01-489 Warsaw, Poland
V. Satheesh
Stelar SR.L., Mede— 27035 (PV), Italy

Magnetic Relaxation Disperson (MRD) is a wel edtablished technique to study molecular
mations in liquid crysdds Recently severd single component liquid crystds as wdl as liquid
arysdline mixtures were studied using this technique. It is shown that MRD technique can be
used to obtain detalled information regarding the anisotropy in eadic properties as well as the
presence of smectic clusters in nematic phases'™. These studies have aso brought out the
difference in the nematic phases with and without an underlying smectic phase.  Obsarvation of
an interesting nematic date having smectic seeds but unable to undergo a trangtion into a
smectic stae due to isotropic dastic properties of the medium® is another result of these
investigations.  All these sysems dudied so far have medium viscosity (bulk viscosty, h, about
05 Poise) and elastic properties in the range of 10° dynes. However there are severa liquid
aydds having much lower viscodty and such sysems have been attracting consderable interest
due to a number of gpplications. So far there are no MRD invedtigations of low viscosty
systems and it should be rewarding to invedigate the nuclear magnetic relaxation disperson
behavior of such systems.

Liquid cryddline isothiocyanates have severa agpplications as single component sysems as well
as mixtures, owing to their wide nematic range, low viscosity with weak temperature dependence
and good chemicd sability*.  Consequently isothiocyanates as well as their mixtures were
subjected to a variety of investigations to studg/ their dielectric properties, optical anisotropy,
visco-elagtic properties, display dynamics, etc*> This report presents the results of proton
megnetic relaxation digperson (PMRD) investigations of 6CHBT in its nematic phase.

PMRD data were collected on 6CHBT at two temperatures (22 and 33°C) using a Fidd Cydling
NMR spectrometer (10 kHz — 10 MHz, Stdlar Spinmaster FFC2000) and a pulsed NMR
spectrometer (3 MHz — 40 MHZz). The erors in the data vary from 2% (at low frequencies) to
3% (at high frequencies) and the temperature dtability is within 0.2°. The data were andyzed
congdering nemdic director fluctuations (DF), molecular sdf-diffuson (SD) and reorientation
(R). The DF contribution takes into account possible anisotropy in eagic properties (Frank
eladic congants K; 1 Ky 1 K3) as wdl as upper and lower cutoff waveengths of the DF modes.
Ki, K2 and h are fixed a vaues reported earlier, and K3 and cutoff waveengths are dlowed to
vay inthe dataanayss.

Figure 1 shows the results of this analysis a 33°C. The reaults indicate that DF and R essentidly
dominate the proton relaxaion in the entire frequency range. The results dso show dassca
w2 dependence to DF contribution (Ripr) in the frequency range studied, indicating thet the
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cutoff frequencies are wel outsde this range. This corresponds to the presence of no smectic
cdugers.  This is conggent with the fact that 6CHBT shows a stable nematic phase without
underlying smectic phase.  The vaue of K3 deduced from the frequency dependence of R1DF is
consstent with the earlier reported data*®. The temperature dependence of the reorientation
correlation time that is deduced from the corresponding contribution (Rig) shows consistent
vaidion.
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Figure1: PMRD datain 6CHBT at 33°C

To conclude, present studies show that the DF contributions spread to consderably high
frequencies in a low viscodty nematic like 6CHBT. SD contribution to rdaxation is very smal,
indicating fast diffuson, whereas molecular reorientations dominate the relaxaion mechanism a
high frequencies. These PMRD investigations of an otherwise wel studied 6CHBT show a good
agreement between the eagtic coefficients deduced from NMR data and those reported earlier,
vaidating the gpplicability of this techniques to low viscosity liquid crystas aswell.
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High Resolution M agnetic Relaxation Dispersion by Sample Shuttling
Robert G. Bryant*, Suzanne Kiihne, Stephen Willson, Alexandra Van-Quynh, Kenneth Victor

Department of Chemistry, University of Virginia, Charlottesville, VA 22904 USA
(rgb4g@virginiaedu)

Beddes its many advantages, the current switched magnetic relaxation digperson spectrometer offers limited
sengtivity and low resolution.  One solution to these problems is to employ two magnets tha ae
megneticaly shielded from each other and to move the sample rapidly between them. We have constructed
such a spectrometer employing a 7 T superconducting magnet to provide the polarization and detection
fidds, and an iron core variable fiddd magnet housed in an iron shidd but in dose proximity to the high fied.
The resolution routinely obtained in the detection field is 7 Hz on protons, but is limited more by probe
desgn than by inherent limitations in the magnet or shims. The sengtivity is excdlent permitting routine
study of solute species.

The mgor disadvantage of the design is that the finite shuttle times limit the maximum rates that may be
measured. In many cases, caeful experimenta desgn may circumvent this problem so tha interesting
dynamica information may be obtained.

The sengtivity gains permit magnetic reaxation disperson measurements to be made dilute solute
goecies, and severa resonances may be observed smultaneoudy.  In Smple protein solutions, this
spectrometer permits study of dilute protein solutions in the concentration range where fluorescence
depolarization measurements have been typicaly made. Under these conditions, if oxygen is excluded from
the samples, the protein induced relaxation disperson profile is Lorentzian and the inflection point
corresponds to a rotationd corrdation time identica with that obtained from fluorescence measurements.
The high fidd tal above the rotationd disperson is essentidly diminated by remova of oxygen, which
causes a trandationa contribution to the relaxation with a correlation time of order 7 ps.

Multinudeer MRD provides new opportunities for defining solute-solute dynamics.  ‘Li is a ussful
mimic of dkadi metas that are important in biochemistry. We have dudied the relaxation disperson in DNA
solutions and find that, when the DNA is long, the relaxaion disperison is linear in the logarithm of the
Larmor frequency. This fidd dependence generdly indicates a 2dimensona process dominates relaxation
even though it may appear that diffuson aong the charged rod represented by the DNA should be a one-
dimensond problem. Smilar results are found for the methyl protons in tetramethyl ammonium ion. Both
results may be understood in terms of trandent binding interactions with stes on the DNA coupled with
rapid diffuson up and down the DNA strands coupled with chemica exchange between DNA strands.

The finite shuttle times limits the relaxation rates that may be messured accurately. This problem
may be circumvented in many cases by diluting the relaxation rate with a chemical exchange event where a
ligand exchanges between a Ste of high relaxation rate and one of low relaxation rate such as a protein Ste
and the agueous pool. By adjusting concentrations, the total relaxation rate of the ligand may be adjusted to a
convenient vaue and the relaxation digperson measured accurady. In the case that the relaxation is
dominated by an dectron-nuclear coupling, the eectron Larmor frequency dominaes the observable field
dependence of the relaxation rate. For hemoblobin spin-labeled with a nitroxide at the cysteines (b-93), the
acetate resonance provides areport of two high frequency processes with correation times of 4 nsand 20 ps.

References: Experimenta Measurement of Nonuniform  Dioxygen Accessbility to Ribonucleese A
Surface and Interior. C.-L. Teng, R. G. Bryant, J. Am. Chem. Soc. 122, 2667-2668 (2000).

Protein-bound water molecule counting by resolution of 1H spin-lattice relaxation mechanisms. S.
Kiihne, R. G. Bryant, Biophys. J. 78, 2163-2169 (2000).

Magnetic Relaxation Disperson Measurements Using a Dud Magnet Sysem. S. Wagner, T. R. J. Dinesen,
T. Rayner, R. G. Bryant, J. Magn. Reson. 140, 172-178 (1999).
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'H/"O field dependent relaxation data to investigate
hydration of proteins and aguaions

Claudio Luchinat
CERM, Magnetic Resonance Center, University of Florence — Itdy

Feld dependence of water nucle relaxation is a primary tool to investigae
hydration of molecules in solution. Hydration water can be classfied according to its
resdence time in the solute environment as well as according to its direct or indirect
interaction with the solute itsdf. Some recent progresses in underganding the
contribution of the various classes of water molecules to both agua ions of trangtion
metads and protengmetdloproteins will be described. The focus will be on the
hydration of chromium(l11), for which extensve 'O data were dresdy available (A.
Bleuzen, F. Foglia, E. Furet, L. Hm,* A. E. Merbach,* and J. Weber ; J. Am. Chem.
Soc., 1996; 118(50)), revisted through proton NMRD, and on the hydraion of
cytochrome c, through both high resolution NMR and *’O relaxometry. Some generd
congderaions on the contribution to water NMRD from l|abile protein protons will
aso be made,
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Water MRD from solutions of native and modified BPTI

V.P. Denisov* and B. Halle

Physicd Chemidtry 2, Lund University, P.O. Box 124, S-22100 Lund, Sweden
vladimir.denisov@fkem2.lth.se

The Magnetic Relaxation Disperson (MRD) technique is one of the principa methods
used to study protein-water interactions in solution. Combination of *’O and 2H MRD data
from proten solutions with high-resolution structures of BPTI and other proteins made
possble quantitative interpretation of MRD profiles and eaborate description of protein
hydration in terms of the amount of internal and surface water, orientationd order of the
interna water molecules, and the rates of hydrogen exchange between the bulk water and
protein labile hydrogens [1,2]. Measurement of the temperature dependent 'O and 2H
differenceeMRD from solutions of BPTI and its G36S mutant led to the first precise
determination of the resdence time of an individua buried water molecule in a protein (W122
in BPTI, t,..= 170 nsat 27 °C), which shed light on the protein conformationa dynamics[3].

New MRD data are presented on another BPTI mutant, C145C38S, as well as on
sectively reduced BPTI, in which the disulfide bridge 14-38 (one of the three in BPTI) is
disrupted by mutation or chemical reduction. Since the 14-38 disulfide is spatidly closeto the
most long-lived internal water molecule W122, the residence time of the latter was expected
to reflect the influence of the bridge on the locd protein dynamics. The temperature dependent
MRD data show that W122 exchange with the bulk solvent becomes severa orders of
magnitude faster when the disulfide bridge is missng, i.e, its resdence time fdls in the same
range (ns — ns) asfor the other 3 internal water molecules in the protein, which proves that the
14- 38 disulfide is an important congtraint for the local unfolding dynamicsin BPTI.

Longitudina and transverse H relaxation rates from protein solutions contain the (pH-
dependent) contribution from fast -exchanging labile protein hydrogens, which can be used to
extract information about the rates of their exchange with the bulk.

1. B. Hale, V.P. Denisov, K. Venu, in: Biologica Magnetic resonance, val. 17, L.JBerliner &
N.R.Krishna, eds, p. 419, Plenum, NY, 1999.

2. B.Haleand V.P.Denisov, Methods in Enzymology, vol. 338, p.178, 2001.

3. V.P.Denisov, J.Peters, H.D.Horlein and B.Hdlle, Nat. Struct. Biol., 3, 505, 1996.
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Quantum Molecular Tunnéling studied by Field-Cycling NMR

A.J. Horsawill

Schoal of Physcs & Agtronomy, Universty of Nottingham, Nottingham, NG7 2RD. UK
A.Horsewill @nottingham.ac.uk

When the interchange between two possble conformations of a molecule is governed by
motion between energeticaly equivaent potentid wells, the dynamics & low temperature are
characterised by coherent tunndling with a well-defined frequency. The tunnéling frequency
is an exponentid function of the heght of the interceding barier, the mass of the moving
paticdes and the separation of the potentid wels. When the potentid wels have inequivaent
energy, the motion can gill proceed provided there is an interaction with externd degrees of
freedom to make up the mismatch in energy, for example the phonon beth. In this case the
dynamics are incoherent and the moation is characterised by an inverse corrdation time which
is usudly proportiond to the sguare of a frequency deermined by a tunndling matrix
dement. This inverse corrdation time adso has an exponentid dependence on the barier

properties.

Depending on the chaacterigics of the potentid bariers in paticular materids, the
tunnelling frequencies and raes can possess vaues encompassing many orders of magnitude.
To sudy these with conventiond NMR a condant frequency severdy redtricts the
information content; much better is a broadband gpproach which for practicd reasons
requires that fidd-cydling techniques are adopted.

Applications of fidd-cyding NMR to the sudy of coherent molecular tunndling will be
reviewed ! induding leve-crossng and low-fidd NMR spectroscopy. Proton transfer in the
hydrogen bond provides an example of incoherent molecular tunndling and  recent
experimenta  data recorded in Nottingham will be discussed together with an gppraisd  of
future progpects induding the design of a superconducting field cycling magnet for the Sudy
of molecular tunnelling.

L A.J. Horsawill, Progr.Nucl.Mag.Res.Spectr. 35 (1999) 359-389
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Shape fluctuations of membrane vesicles studied by NMR

relaxometry
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D-7910/4 Freiburg, Germany

E-mail: mika.vilfan@ijs. st

Lipid vesicles are suitable model systems for the study of structural and dynamical prop-
erties of biomembranes [1]. Their shape and functionality are determined by the bending
elastic energy associated with the modulus x and by the lateral tension in the bilayer o.
Measurements of x have been performed using video microscopy [2], micropipetting [3],
electric field deformation technique [4], and nuclear magnetic resonance (NMR) relaxome-
try [5,6]. In lipid bilayers fast internal and local reorientations of molecules dominate the
relaxation in the MHz regime. These motions only partly average the anisotropic nuclear
spin interactions because of orientational order of the molecules. The residual anisotropy is
then modulated by slow collective fluctuations and by lateral diffusion of molecules along
the curved surface. Marqusee, Warner, and Dill [7] calculated the nuclear spin relaxation
rate due to out-of-plane fluctuations, i.e. undulations, of a planar membrane. They showed
that the spin-lattice relaxation induced by planar membrane undulations depends linearly
on the Larmor frequency, T; ' o< w™', similarly as in thermotropic liquid crystals with a
layered structure [8]. Such linear dispersion behavior was experimentally observed in the
kHz frequency regime for oligo- and multi-lamellar dispersions of various lipids [5,6,9,10].

In this paper we consider the relaxation of nuclear spins in unilamellar quasi-spherical
vesicles. The advantage of unilamellar vesicles over the stacks of membranes is the absence of
inter-bilayer interactions which might diminish the contribution of undulations in the kHz
frequency range [11], where this mechanism is expected to dominate the total relaxation
rate. To calculate the effect of vesicle shape fluctuations on nuclear spin relaxation, the
hydrodynamical model of Milner and Safran [12] is adopted. In this model a vesicle is
considered as a quasi-spherical shell of radius Ry with constant volume and fixed area which
is larger than the area of the sphere with the same volume. If the deviations of the vesicle
shape from the spherical conformation are small, the only important spectral density function
in the local coordinate frame is J; (w)

@) =R [ (na(0)na’ (1)) + (no(0)n” (1)) et (1)

Here ng and ng represent the polar and azimuthal fluctuating components of the local
normal to the bilayer, respectively. Taking into account the mean square amplitudes and
the characteristic times 7; of spherical normal modes as given in Refs. [12,13], we obtain
CkpT'ex 1+ 1)(20+1) 27

drk = (P+1-2)(2+1+0) (1 +w?r?)

J1(w) (2)
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The upper limit of summation, [y, is determined by the size of the molecules, l,,.x &~ TRy/a,
where a is the average distance between neighboring molecules in the lateral direction. The
lower limit is [ = 2 since the [ = 0 and [ = 1 modes do not contribute to the relaxation.
According to Eq. 2, Ji(w) and consequently the nuclear spin-lattice relaxation rate depend
linearly on w™! over a wide frequency range. Within this linear dispersion regime the
magnitude of J;(w) is independent of the size of the vesicle Ry, the effective lateral tension
o and the viscosity of the surrounding medium 7. It assumes the simple form

kT

 6kw

(W) (3)

The bending elastic modulus is thus the only relevant parameter in the linear dispersion
regime and can be accurately extracted from the experimental data. On the other hand, R,
o, n, and k determine the frequency at which J;(w) levels off into a frequency independent
plateau. The damping effect of the external magnetic field has been neglected so far, but it
might influence the low frequency cut-off as well.

Our results show that the spin-lattice relaxation of unilamellar quasi-spherical vesicles
exhibits a linear dependence on w™! in the kHz frequency range. This linear dispersion
regime extends for the micrometer-sized vesicles down to 10* Hz, regardless of the lateral
tension of the vesicle and of the water viscosity, varying in reasonable limits. An estimate
shows that the contribution of the molecular lateral diffusion along the vesicle surface is
at least one order of magnitude smaller than the relaxation induced by shape fluctuations.
The NMR relaxometry of unilamellar vesicles opens thus a new possibility to measure the
bending elastic modulus x of membranes. This could be relevant to studies of the modulation
of the membrane rigidity by different membrane constituents, such as cholesterol or proteins.
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Abstract

The nuclear magnetic relaxation disperson (NMRD) of the (CH,),N™ proton spins is used to study
smultaneoudly the relative trandationd motion of a Gd(D,0)" octoagua complex with respect to a
tetramethylanmonium (CH,),N* ion and the quantum dynamics of the Gd*" dectronic spin. The
(CH,),N" proton longitudina relaxation rate 1/T° is interpreted in a quantitative way at the measured
proton resonance frequencies, ranging between 10 and 800MHz. A pronounced maximum of ]/Tl‘; ,
previoudy found by Dinesen and Bryant [1], $ observed around 90MHz, which corresponds to an
gpplied fidd B, @2.2T. This behavior is interpreted [2] by assuming that the relative diffusion of
Gd(D,0); with respect to (CH,),N* accounts for their repulsive potential of mean force, calculated
with the help of the hypernetted chain approximation for two charged hard spheres in discrete, polar, and
polarizable water [3-5], and by using a detailed picture of the Gd* eectronic relaxation, based on an
independent eectronic paramagnetic resonance(EPR) study. The standard dipolar nuclear relaxation
formadism of Solomon and Bloembergen, vdid for the above frequencies, leads to an overdl good

agreement with the experimenta data, without any adjustable parameter. The maximum of the NMRD
profile can be explained as follows. When the gpplied field B, incressesfrom 0.23 to 2,27, therise of

1T is due to the Smultaneous increase of the electronic longitudind relaxation time T,, [6,7]. On the
other hand, when B, exceeds 2.2T, the effects of the dectronic relaxation on the proton relaxation rate
1T become negligible, so that it displays the usua decresse of the intermolecular dipolar spectrl
density. It is shown that for &l fields, the Coulomb repulsion between the (CH,),N* and Gd(D,0)3"

cations reduces the theoretical values of 1/T,% by afactor of about 2 with respect to the predictions of the
Ayant, Belorizky [8], Hwang, and Freed [9] (ABHF) reference mode of two neutrad hard spherica
solutes diffusing in a viscous continuum. The short life time of the Gd** dectronic levels leads to an
atenuation of ]/Tlen , which becomes sgnificant for B £3T and reaches a vaue as smdl as 0.5 a
B, =1T . NMRD experiments using probe solutes of well-known spatial dynamics with respect to a Gd*

complex can be combined with the Solomon: Bloembergen theory to provide an indirect estimate of the
longitudind eectronic relaxation time in this complex. This knowledge is useful in the theory of magnetic
resonance imaging relaxivity.
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As indicated by the title of this conference, and discussed in several of the presented
papers, field-cycling has found its main application in relaxometry. Nevertheless, field-
cycling has also been used by a small number of groups in MR imaging, either to improve its
sensitivity or to provide novel contrast mechanisms. This lecture will describe two aspects of
field-cycling MRI, namely its use together with the Overhauser effect to image free radicals,
and its application to the study of quadrupole dips in biological samples.

PEDRI (proton-electron double-resonance imaging, also known as Overhauser Imaging) is
a method for imaging free radical distributiansvivo. It involves the irradiation of an EPR
resonance of a free radical of interest during the collection of an NMR image [1]. In regions
containing the free radical the Overhauser effect causes a transfer of polarisation from
electron to nuclear spins, resulting in an enhancement of the NMR signal, which in turn
reveals the distribution of the free radical in the image. PEDRI is normally implemented at
low field (~10 mT) with EPR irradiation at ~250 MHz, but even under these conditions non-
resonant absorption of the EPR irradiation is a significant problem, particulairyvino
experiments. In field-cycled PEDRI (FC-PEDRI) the EPR irradiation is applied at lower field
(2-5 mT) with correspondingly lower frequency and lower absorbed power, while the NMR
signal is observed at a higher field to improve the signal-to-noise ratio (SNR) [2]. We have
used FC-PEDRI to study the distribution of stable free radical contrast agent®. FC-

PEDRI can provide information on organ function and, by making use of the EPR spectral

properties of these agents, to measure local pH [3] and oxygen concentration [4]. Figure 1
shows FC-PEDRI images of an anaesthetised rat following the intravenous administration of a
dose of triarylmethyl (TAM) free radical. Organ structures and blood vessels are clearly

visible in the image obtained with the EPR irradiation switched on.

FC-PEDRI experiments were carried out using a whole-body sized field-cycling MR
imager constructed in our laboratory [5]. It uses a whole-body permanent magnet with a
vertical field of 59 mT which provides the detection magnetic field. Field cycling is
accomplished by the field-compensation method: a resistive, whole-body sized, saddle-shaped
magnet is fitted into the bore of the permanent magnet, and the field from this secondary
magnet can add to or subtract from the field of the permanent magnet. A field change of
59 mT can be achieved in 40 ms. There are no problems with eddy currents because the
permanent magnet is made of ferrite, and the support structures are also non-conducting. The
imager is controlled by a commercial MRI console.

It is well known that proton relaxation in proteins and other bio-polymers can be strongly
affected by interactions with the quadrupolar nucléts, where *N—*H groups act as
“relaxation sinks”. This gives rise to “quadrupole dips”, reductions in the proton spin-lattice
relaxation time which occur at the three NMR frequencies corresponding tt\tmaiclear
guadrupole transitions. This effect was studied extensively in the early to mid 1980s, and
guadrupole dips were measured in hydrated proteins and various biological samples [6]. In the
early 1990s Carlsost al. performed human relaxometry measurements using a small field-
cycling coil inside a whole-body permanent-magnet MRI system [7]. We have implemented
field-cycling inversion-recovery relaxometry and imaging pulse sequences on our whole-body
field-cycling imager, and have studied quadrupole dips in human muaseieo. Inversion-
recovery images obtained on and off the quadrupole dips exhibit significant differences,



giving a novel contrast mechanism. Another biological system which exhibits quadrupole dips
is illustrated in Figure 2 — the boiled egg! The measurement of quadrupole dips offers the
possibility of non-invasive measurement of protein concentration [8], so may be of use in the
characterisation of muscle-wasting diseases.

Figure 1: FC-PEDRI images of anaesthetised rat given 0.57 mmol/kg dose of TAM free
radical (kindly donated by Nycomed Innovation, Malmd, Sweden). Detection field: 59 mT;
Evolution field 4.25 mT. Left: image with EPR irradiation at 120.7 MHz. Right: image
without EPR irradiation.

Figure 2: Field-Cycled Inversion-Recovery images of a freshly-boiled chicken egg.
Detection field: 59 mT; detection frequency: 2.49 MHz. TR: 1500 ms; TI: 160 mbs. Lef
image: evolution field 65 mT (on quadrupole dip). Middle image: evolution fieldT75 m
(away from quadrupole dip). Right-hand image shows difference between previous images,
showing the egg white where the quadrupole dip effect is observed.
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Gadolinium(III) complexes are used routinely as contrast agents in medical magnetic
resonance imaging (MRI). Contrast improvement is a consequence of the enhancement of the
water proton magnetic relaxation rate in tissues through interactions with the seven unpaired f
electrons of the Gd(III) center. The ability of such a paramagnetic complex to accelerate
proton relaxation, its relaxivity, is due to the modulation of through-space dipole-dipole
interactions between the unpaired electron spin on the paramagnetic ion and the proton nuclei
of the surrounding water. This effect is separated for convenience into “inner-sphere”
relaxivity due to interactions with water molecules bound in the first coordination sphere of
the paramagnetic metal and transferred to the bulk water by chemical exchange and “outer-
sphere” relaxivity due to direct interactions with bulk water in the vicinity of the
paramagnetic complex.

Inner-sphere relaxivity is governed by four
characteristic time constants: the correlation
time for the rotation of the complex, tr , the
residence time of a water proton in the inner-
coordination sphere, T, (often expressed as its
inverse, the exchange rate Kex ) 1/ Tw), and the
longitudinal and transverse electronic relaxation
times (T2¢). The proton residence time under
physiological conditions is normally assumed to
be equal to the residence time of the oxygen
nucleus since, at neutral pH, proton exchange is
expected to take place primarily via the
exchange of whole water molecules. The outer-
sphere contribution to relaxivity depends mainly
on the electronic relaxation rates and the rate at
which an outer-sphere water molecule diffuses

away from the gadolinium complex.

For an understanding and for a desired optimization in respect of high 'H relaxivity all the
parameters have to been known. As experimental methods 'H and 'O NMR as well as EPR,
both as a function of temperature and magnetic field strength, can be used to determine the
various time constants. It has been shown that a simultaneous treatment of EPR, 70 NMR,
and '"H NMRD data leads to improved definition of the many parameters affecting the proton
relaxivity of Gd** complexes.! This combined analysis was applied to a number of Gd(IIl)
chelates and proved to be successful particularly to fit the NMR results.> The EPR
experimental data, mainly linewidths of EPR resonance lines, however are often less well
fitted. A magnetic field independent contribution to the relaxation had to be added, but

'D. Hugh Powell, Orla M. Ni Dhubhghaill, Dirk Pubanz, Lothar Helm, Yakob S. Lebedev, Willi Schlaepfer, and
Andre’ E. Merbach, J. Am. Chem. Soc. 1996, 118, 9333.

2. Téth, L. Helm, A.E. Merbach in "The Chemistry of Contrast Agetns in Medical Magnetic Resonance
Imaging", eds.: A.E. Merbach, E. Téth, Wiley, 2001.
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nevertheless the agreement between experimental and calculated EPR linewidths was
sometimes poor. ' ,

In the last two years a general theory of the electronic relaxation of an S state complexed
paramagnetic metal ion (Mn** ,Gd®") in solution was developed.3 It was shown that the
electronic relaxation mechanisms at the origin of the EPR line shape arise from the combined
effects of the modulation of the static crystal field by the random Brownian rotation of the
complex and of the transient zero-field splitting. A detailed study of the static crystal field
mechanism showed that, contrarily to the usual global models involving only second-order
terms, the fourth and sixth order terms can play a non-negligible role. The very good
agreement of experimental EPR spectra and their fitted counterparts for [Gd(HZO)g]3+ and
[GA(DOTA)(H,0)]” showed the power of the approach. Furthermore, it has been shown that
the spin rotation mechanism introduced as magnetic field independent part plays a negligible
role and can be omitted. The EPR line shape calculation are based on Redfield’s
approximation which may be inadequate in the case of complexes with long rotation
correlation times and at very low magnetic fields. It is expected that Redfield’s theory is valid
if the following two conditions are verified: (1) [Hilte << 1, (2) o >> |H*x.., where H, is
the time dependent perturbing Hamiltonien, 7. the correlation time and wo the resonance
frequency in rad s .

The contribution presented will for the first time show a combined analysis of 0 NMR
(1/Ty, /T, Aw), 'H NMR (1/T;-NMRD) and EPR (AHpp, gefr) experimental results (measured
as a function of temperature and magnetic field) using the recently developed electron spin
relaxation theory. Furthermore, we are able to show that at low magnetic field the second
condition for the validity of Redfield's approximation is not fulfilled. The 'H NMRD profile
of the aqua ion of Gd(III) below 0.2 T can only be fitted using a new approach,”® which allows
the calculation of relaxation rates beyond the Redfield limit. This approach is based on a
Monte-Carlo numerical solution of the time-dependent Schrodinger equation for a stochastic
perturbing Hamiltonian. We developed a computer program which allows a non-linear least
squares fit of theoretical relaxation rates and chemical shifts to experimental data including
the Monte-Carlo numerical solution mentioned above. With this program all experimental
data can be fitted together using one set of parameters. ~

3. Rast, E. Belorizky, P.H. Fries,, J. Chem. Phys. 2000, 113, 8724. S. Rast, A. Borel, L. Helm, E. Belorizky,
P.H. Fries, and A.E. Merbach, J. Am. Chem. Soc. 2001, 123,2637.
43, Rast, P.H. Fries, E. Belorizky, A. Borel, L. Helm and A.E. Merbach, submitted
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High Field Relaxivities of Dy-complexes: the Effect of the Water Exchange Rate
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Introduction: Unlike Gd(lll) complexes which enhance markedly water proton relaxation rates (R: and Rz),
their Dy(Ill) analogs have very little influence on the proton relaxation rate at fields lower than 0.5 T because of the
very short electronic relaxation time  s) of Dy(lll) as compared to Gd(lIl). At higher magnetic fields, however, the
Curie relaxation, which depends on the magnetic field and, for small complexes, on the rotational correlation time
(tr) significantly enhances the longitudinal relaxivity of these compounds. The theory predicts that R should
increase both on the magnetic field and on the exchange time (t v) of the water molecules coordinated to the
lanthanide ion with the bulk(t.2), In this work, various Dy complexes which are expected to exhibit small differences
in t g but large ones with regard to t y are studied.

Material and Methods: *H T and T measurements were performed at 0.47, 4.7, 7.05, 11.75, 14.1 and 18.8
T respectively on Minispec PC-20, Minispec PC-40, Minispec MQ-60, MSL-200, Avance-200, AMX-300, AMX-
500, AMX-600 and Avance 800 from Bruker. The analysis of proton relaxation rates takes into account the
outersphere contribution as predicted by Gillis et al.® and the innersphere contribution. For longitudinal
relaxation rate, both contributions result mainly from dipolar and Curie dipolar interactions. The outersphere
contribution of the proton transverse relaxation rate originates also from dipolar and Curie dipolar interactions
whereas the innersphere contribution results from dipolar, Curie dipolar and Curie contact interactions. The
water exchange time tw of the Dy(lll)-complex was separately obtained by the simultaneous analysis of the
temperature dependence of the longitudinal and transverse relaxation rates of 170 at 7.05 T (AMX-300). T,
analysis takes into account dipolar, Curie dipolar, scalar and quadrupolar interactions. For T, analysis, a Curie
contact term has to be added to the T, contributions.

Results:
The field influence on the proton longitudina 05 ] T= 208K
relaxivity r, is evident above 100 MHz (fig. 1). The ] © DyDTPA
values of ts obtained by the theoretical fitting of the ~ °4§ E;EIEQEQA
data 23 is similar for all compounds and range % 03] v DyDTPABnBA
between 0.12 and 0.17 ps. As expected from the rather =, ] ® Dy-DTPABBMA
similar size of these compounds, r; is equivalent for al - 0'2_5 = Dy(BOTA4AMCE)
the Dy-complexes. 017
The field dependence of r, is shown on figures 2 anc 0—
3. The high field values of  are significantly larger 10 100 1000

than r, values and markedly increased for bisamides Proton Larmor Frequency (MHz)

derivatives of Dy-DTPA as compared to the parent
compound. This difference is explained by the slower
water exchange of the bisamide complexes as shown by the values obtained by fitting the experimental proton
and oxygen-17 relaxometric data.

For the DOTA derivative, the lack of field dependence above 100 MHz and the larger relaxivities at 310 K as
compared to 298 K are indicative of a slow water exchange limiting the transverse relaxivity (figure 3).

Fgure1
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Figure 2 Figure3

Conclusion: This work confirms the field dependence of the longitudinal and transverse relaxivities of Dy
complexes at high field. While g is similar and remains small for complexes of similar molecular weight,
strongly depends on the water exchange time t . This work shows that, for Dy-complexes, a water residence time
in the first coordination sphere larger than 1 ps restricts the transverse proton relaxivity at high magnetic field. On
the other hand, a too short ty (t v < 100 ns at 298 K) limits the relaxivity at low as well as at high magnetic field. In
order to reach the optimal transverse relaxivity at high magnetic fields, aty value ranging between 0.1 and 1 us is
thus required. On the contrary, as shown in figure 3, at intermediate magnetic fields (0.5 to 2.4 T), slow water
exchange (t m> 1 ps) is beneficial for the transverse proton relaxivity.

The striking evolution of r,/r; ratio indicates that Dy complexes exhibiting a relatively slow water exchange might
thus be of interest as "negative” contrast agents for high field imaging.
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Zedlite Y is a synthetic faujasite with ~ 13 A supercages connected by a network of
gndler cages and channds. Gadolite, a potentid contrast agent for magnetic
resonance imaging of the gadtrointesting tract, is based on Gd** doped NaY. The
paramagnetic gadolinium, intercdaed in the zeolite cages, produces a srong contrast
in the intrazeolite and surrounding wae by inducing maegnetic rdaxaion of the
waer protons. The exchange of water molecules from the Gd®* hydration shell to the
surrounding pore water plays an important role in trangmitting the paramagneticaly
induced relaxation effect. The 'O ad 'H NMR signds of pore water in powdered
sanples ae dngle Lorentzians typicd of a liquid phase We have peformed varigdle
temperature, multiple magnetic fidd O and H relaxation rate studies of Gd**-doped
NaYy with seved doping rdaios and have used a Swift&Connick/Solomon-
BloembergenMorgan approach to obtan the water exchange rate and the rotationd
corrdation time of the intercdated aguaion. The rotation of pore water molecules is
condderably hindered (dower by a factor of 2030 a 298 K) compared to the bulk
liquid. The waer exchange rae a& 298 K on Gd®* intercdated in the zedlite
supercages is within an order of magnitude of that on Gd*" in solution: our results
indicate that water exchange on intercaated Gd** undergoes a changeover from a
norma activation energy limited regime a low tempeaure to a diffuson limited
regime at room temperature.
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Field Cycling Relaxometry: A Very Helpful Tool for Understanding the

Relaxation M echanisms of Paramagnetic MRI Contrast Agents
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Paramagnetic  Gd(lll)- and Mn(Il)-based complexes are widdy investigated as Contrast Agents for MRI
protocols[1-2] Their redaxing efficacy towards water protons is routinely evauated “in vitro” through the
meassurement  of the reaxivity, r,. This parameter refers to the paramagnetic contribution to the observed
longitudina relaxation rate (Ri=1/T) of the water protonsin a solution containing 1 mM of the paramagnetic agert.

Higher r1, more efficient is the CA. Usudly, three distinct components to the relaxivity may be recognized: i) a
contribution arising from the exchanging water protons directly coordinated to the meta centre (inner-sphere term),
ii) a contribution from the water protons diffusng around the metal complex (outer-sphere term), and iii) a
contribution from the mobile protons (exchanging with the bulk water) present in the second coordination shel of
the metd centre[3]

Each contribution to the overal rdaxivity results from a complex interplay of a reatively large number of structurd
and dynamic parameters of the meta complex, whose evauation may be pursued through severa experimenta
techniques. To this regard, the analysis of the magnetic field @pendence of the relaxivity (NMRD technique) has a
fundamental role, paticularly for assessng the rdative contribution of the operating relaxation mechanism to the
overdl r1.

The search for more efficient CAs prompted the research groups to design metd chelates endowed with the highest
possible relaxivity. This am has been mainly pursued by developing macromolecular CAs, in which the reaxivity
enhancement (mainly promoted by the inner-sphere term) is caused by the eongation of the reorientationa
carelation time tr of the water protons. Though the relaxivities of such sysems are consderably higher than the
corresponding small-sized complexes, the 1, values seems to have a maximum threshold & ca 50-60 s'mMGd™.
This result is partly due to the nonoptima vaues of some key-parameters controlling the relaxivity (badcaly the
resdence lifetime of the coordinated weter ty), but it could dso arise from a faster loca motion of the water protons
coordinated to the metal centre with respect to the whole motion of macromolecular adduct. This hypothess has
been checked and supported by some preliminary data.

References.

[1] Caravan P, Ellison 1, McMurry TJ, Lauffer RB. Gadolinium(lll) Chelates as MRI Contrast Agents. Structure,
Dynamics, and Applications. Chem Rev 1999, 99:2293-2352.

[2] Toth E, Hm L, Merbach AE. Reaxivity of Gadolinium(lll) Complexes: Theory and Mechanism. In: Merbach
AE, Toth E, editors. The Chemidry of Contrast Agents in Medicad Magnetic Resonance Imaging. Chichester, UK:
John Wiley & Sons, 2001. p 45120
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ULTRASOUND EFFECTSON NEMATIC 5CB STUDIED
BY FIELD-CYCLING RELAXOMETRY

F. Bonettot, E. Anoardot® * and R. Kimmich

Universitat Ulm, Sektion K ernresonanzspektroskopie, 89069 Ulm, Ger many

In this pgper we will discuss the influence of ultrasound waves in the molecular
dynamics of nemaic 5CB (4-npentyl-cyanobiphenyl) as reveded by the Larmor
frequency disperson of the spin latice reaxation time (T,). Expeimentd and
theoreticd dudies of nudear magnetic rdaxation in nematic liquid crysds indicate that
T1 esentidly reflects two kind of molecular  mechanism:  collective motions caled
Director Order Huctuation (ODF) and individud molecular motions such as Hf-
diffuson and rotaions [1,2]. Collective re-orientations modes are mogily contributing to
gin-lattice  relaxation a low frequencies. Experimentd evidences exig that
contributions from ODF to the totd T, rdaxaion parameter ae dominant in the kHz
range [3-6]. Because the am of the work was to study the influence of a sonic
perturbation in a dynamicad region where ODF is a dominant mechanism, experiments
were caried out usng the fast fidd cyding technique [7-9]. The ultrasound was
coupled to the sample through a 3mm-glass sonotrode maiched to a 30 kHz/50W
ultrasonic generator. We will present T, disperson curves in a Larmor frequency band
between 10 kHz and 1IMHz a two different temperatures in the nematic range, in
presence and absence of ultrasonic waves. Results will be discussed in terms of usud
molecular dynamic theory in nemaic liquid crystas.

tPermanent address: Fecultad de Matemética, Agtronomia y Fisca (FaM.A.F.), Medina
Allendey Haya dela Torre, Ciudad Universtaria, 5000 Cordoba, Argentina.
8§ Research gtay financed by Alexander von Humboldt Stiftung — Gaermany.
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Thetwo structural domains of Azotobacter vindlandii Rhodanese change their contact surface
during the enzymatic cycle: evidence from NMRD relaxometry.

Mauro Fasano, ' Maria Orsale? SoniaMdino;? Fabio Forlani, 2 Marco Sette,> Maurizio Pacf and
Sivia Pagant’

! DBSF, University of Insubria, Varese; 2 Dept. of Chemistry, University of Rome*“Tor Vergatd,
Rome; 3 DISMIA, University of Milan, Milan, Itay.

mauro.fasano@uninsubriaiit

Sulfurtrandferase enzymes are widdy digributed among plants, animads and bacteria In vitro these
enzymes cadyze the trander of a sulfur a@om from thiosulfate to cyanide The Azotobacter
vindandii rhodanese  (RhdA) is the only thiosulfate-cyanide sulfurtranderase identified and
characterized in the nitrogendfixing bacteria The three dimensond dructure has been recently
ducidated (Bordo e d., 2000) showing a tertiary dSructure smilar to that of bovine rhodanese. The
three-dimensond dructures show a dngle polypeptide chain aranged in two domains connected by
a loop. The catdytic function of the rhodanese is locaed close to a dleft between the two domains
dl dde chains esstid for the catadyss are provided by the second doman only. To invedtigate the
dructurd moddity of the enzymdic mechanism, a sudy of the interaction with hypophosphite
anions has been caried out by severd techniques, incduding nudear magnetic relaxation disperson
(NMRD). Water proton relaxation was dready measured for bovine rhodanese (Blicharska et 4.,
1976), indicding a tightening of the binding dte deft, interpreted as a reduction of accesshility of
water.

The relaxometric profile of the native enzyme changes markedly from the ES to the E form. The
marked shift of the corrdation frequency toward the higher frequency region for E than for ES form
is evident. This indicates that the dynamics of water molecules bound on the surface of the enzyme
becomes fagter upon discharging the enzyme. By fitting the experimenta results by means of the
mode free gpproach (Hdle et d., 1998) a difference of the rate of access of water to the surface of
the macromolecule is obtained. The shape of the profile indicates thet the ES form of the enzyme
hes a more dretched form extending to much lower frequencies than in the E form. This is in line
with a different tightness (Hale et d., 1998) of the adheson surfaces between the two sructurd
domains of the protein. Addition of hypophosphite ion to the ES form of the enzyme produces a
marked effect in the rdaxometric profile. The change in leve of the curve is known as a st effect,
a decrease of the frequency of the water dynamics is vishble but the invariance of the dretching from
one to ancther profile indicates that no marked change in conformation occur upon addition of
anions. On the contrary, the relaxation profile of the E form indicates a dower dynamics in the
presence of hypophosphite ions, becoming smilar to what obsarved in the ES form in the absence
of ions.

Blicharska B. and Dmitriew J.I. (1976) Acta Phys. Polon. A50, 561-568;

Bordo D., Deiu D., Conaghi R., Carpen A., Pagani S. and Bolognes M. (2000) J. Maol. Bid. 298,
691-704;

Hdle B., Johannesson H. and Venu K., (1998) J. Magn. Res. 135, 1-13.
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RELAXOMETRIC CHARACTERIZATION OF NITRITE REDUCTASE
FROM ACHROMOBACTER CYCLOCLASTES

lvano Bertini®”, Marco Fragai®, Claudio Luchinat®, Giacomo Parigi ®, Shinnichiro Suzuki®

Magnetic Resonance Center (CERM) and Department of Chemistry, University of Florence, Italy
BMagnetic Resonance Center (CERM) and Department of Agricultural Biotechnology, University of Florence, Italy
“Department of Chemistry, Graduate School of Science, Osaka University, Japan

The nitrite reductase (NIR) from denitrifying bacteria Achromobacter cycloclastes 1AM 1013 has
been characterized by 1H NMRD. The profiles of AcNIR protein were collected a 298K and at
283K both in the dsence and in large excess (150 mM) of azide. The titration of ACINIR protein
with azide was followed by NMRD until a large excess of azide was added. The vaues for the
hyperfine coupling constants, A, and for the gyromagnetic eectron g factor were fixed in the fitting
procedure to 00139 and 00142 cmi?, and to 2.33 and 231, for the AcNIR and the AciNIR-azide
adduct, respectively, as found from EPR messurements. The bes-fit procedure for the ACGNIR
profile indicates the presence of four water protons a 2.9 A from the paramagnetic center (or two
water protons a 26 A) and a vaue for the dectron rdaxaion time of 1.240°%s. The bestit
procedure for the profile of AciNIR-azide adduct indicates the presence of two water protons at
about 29 A (or one a 2.6 A) from the paramagnetic center and the same vaue for ts. The rdaxation
rate vaues a 0.02 MHz versus the concentration of NalN; were fitted and a binding condant for
azide binding was obtained, K, = (1.00+013)20° M; evidence for a second wesker binding congtant
could aso be obtained.
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Solvent *H NMRD study of hexaaquochromium(l11):

inferences on hydration and dectron relaxation
|. Bertini, M. Fragai, C. Luchinat and G. Parigi

CERM, University of Florence, via L. Sacconi 6, 50019 Seto Fiorentino, Italy
Information on the interactions between paramagnetic metd ion Cr(lll) and water molecules has
been obtained by andysng the waer proton nuclear magnetic relaxeation digpersons (NMRD). The
profiles were collected in water and in water-glycerol solutions a severd temperatures and
vismogties The data were andysed in tems of the avalable theories by teking into account the
contributions  from firdg sphere, second sphere and outer sphere water molecules.  Dynamic
parangers, like the molecular rotationd time, the exchange time of the water protons of the first
coordination sphere, the corrdaion time for dectron rdaxaion and the magnetic field dependence
of eectron relaxation were obtained. The 'H NMRD profiles water solutions of the chromium(i!1)
aguaion complex are sendtive to the rotationd corrdation time of the complex, which is twothree
times the vaue expected for an aguaion. In order to i) obtain a good fit and ii) reconcile t, with a
sructurd modd, it is necessay to condder the contribution to relaxivity of second-sphere water
molecules. The exchange time of the latter molecules is confirmed to be longer than the diffusond
corrdation time and longer then the rotationd time of the complex, both being around 70407 s a
room temperature. The resulting modd is that of a hydrated chromium(lll) ion thet reorients as a

rigid object carrying both first and second sphere water molecules.
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AEROSIL INDUCED EFFECTSON
OCTYLCYANOBIPHENIL (8CB) ABOVE THE NEMAT IC-
ISOTROPIC TRANSITION ASSTUDIED BY NMR
RELAXATION METHODS

E. Anoardo*™, F. Grinberg®, M. Vilfan? and R. Kimmich*

1- Sektion Kernresonanzspektroskopie. University of Ulm. Ulm - Germany.

2 Jozef Stefan Ingtitute. Ljubljana- Slovenia,

Fast field cycling NMR [1,2] and standard rotating frame magnetic relaxation methods [3]
were used to study the underlying molecular dynamics of confined octylcyanobipheny| (8CB)
mesogen in Aerodl [4-6]. Important differences in the information provided by the two
experimentd techniques will be highlighted. The role of the difference between the spherica
harmonics relevant for each of the corresponding relaxation rates (T, and T, %) will be
addressed referring to the given experimenta conditions. It will briefly be demondrated for the
bulk nematic phase as a clear example. In contrast to the bulk system, a noticeable frequency
dispersion of the relaxation rates was observed in the confined sample even above the bulk
trangtion temperature. This indicates the presence of new dynamica festures induced by the
embedded aerosl network. Possble relaxation mechanisms will be discussed. The
interpretation will be supported by computer smulations of the diffuson in the confining
geometry with the orienting surface.

§ On leave form FaMAF, Nationd Universty of Cordoba — Argentina Research stay
financed by Alexander von Humboldt Stiftung.
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NMRD reaxation measurements of VO(PIC), sysem in the presence
of albumin and transferrin

lvano Bertini® Dominik Hollender®, Tamas Kis?, Claudio Luchina?
Kirill Nerinovski®”

& CERM and Department of Chemistry, University of Florence, Sesto Fiorentino, Italy
b Department of Inorganic and Analytical Chemistry, Jozsef Attila University, PO Box 440, H-6701

Szeged, Hungary
Kirill @cermunifi.it

The inadlin-like effect of vanadium is on of the most noteworthy findings and
the rdaionship between vanadium and digbetes mdlitus has been extensvey sudied
in the past two decades. We present the results of 'H nudear magnetic rdaxation
digperson  (NMRD) messurements in aqueous <olutions of the insulin-mimetic
vanadyl(IV)-bispicolinato  (VO(PIC);) complex with  humen saum  abumin and
transferrin. While the NMRD profile of the water solution of VO(PIC), has a smple
shgpe (one inflection point) with about twofold higher magnitude of the digperson
dep with respect to the NMRD profile of oxovanadium(lV) agua solution the
introduction of protein change the rdaxivity dgnificantly. This drictly indicates on
the presence of the interactions between protein and vanadium complexes. The
possible interpretation of our results will be presented.
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Water-protein interactionsin cytochromes: *’'O-NMR relaxation
measurements

Parvana Hadjieva, Claudio Luchinat and Kirill Nerinovski’
CERM and Department of Chemigtry, University of Florence, Sesto Fiorentino, Italy
Kirill @cermunifi.it

In the frame of ar dudies on dructure, dynamics and weter interaction in the
cytochrome family we have exploited oxygenl7 nudear magnetic relaxation
disperson (O NMRD), as recently proposed by B.Hdle et al.[1] The water-protein
interactions in horse heart cytochrome ¢ and rabbit cytochrome bs in both oxidation
daes were invedtigaed through this technigue and more dealed dynamic
characterization of the longlived water molecules has been achieved. Thus the
presence of a least three water molecules for cytochrome ¢ and a least one water
molecule for cytochrome bs with resdence time in the range of 5ns-3ns in both
oxidation dates has been edtablished. The former is in a good agreement with our
previous data which had been obtained from NOE experiments [2]. The contribution
of water molecules respongble for the NMRD prdfile in the case of cytochrome Iy is
lower with respect to cytochrome c¢ and for both proteins shows the dependence on
oxiddion dae. Possble explanaions of our results in terms of proten mobility will
be presented.

1) HdleB., Denisov V.P,, Venu K. 1999 Biol. Magn. Reson 17:419

2) Betini ., Huber JG,, Luchinat C., Ficcioli M. 2000 J. Magn. Reson. 147:1
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FC-spectrometer of dynamic nuclear polarization.
Absolute zero magnetic field investigations: project and someresults.

Vladimir Sgpunov, Alexander Filatov
Urd State Technicd Universty, Mira dr., 19, Ekaterinburg, 620002, Russia, sva@dpt.ustu.ru

Recently were suggeted the st of equipment and method of dynamic nucear
polaization (DNP) invedtigetion in nitroxile radicd solutions in very wesk magnetic fidds
(range 1 - 100000nT). The interest to this range of magnetic fidds is caused by severd reasons.
investigations of fundamental features of NMR and DNP, and devedopment of magnetometers to
measure magnetic fields of the Earth and Space.

The eguipment uses the method of megnetic fidd cyding, which is the only possble way
to regiger NMR and DNP in the gpecified magnetic fidd range Suggested in this work
equipment has the same draegy like a previous one processes of polarizaion, reaxation and
measurements aso are separded in time. In contragt to the earlier used equipment to work with
zero magnetic fidds it is supposed to apply the magnetic screen with switchable source of a
homogeneous magnetic fidd. The generd form of magnetic screen and solenoid megnetic fied
source is shown on the photo 1. The four layers permdloy
screen are applied to achievement of magnetic vacuum of
InT. The experiment method congsts of two steps.

1. Credion of proton magnetization in a radicad solution
by the DNP method. To ESR saurdion is agpplied
cyde-polaized HFmagnetic fidd (the HF fidd vector
rotetes by left or right cirdlein arange of 50 -70 MHz).

2. Proton precesson dgnd recording in magnetic fidd

- about 10e. A 9°-pulse or a triangular current pulse in

Photo 1. Laboratory magnetic screen aNMR reception coil ra'sessignd.

The man expaiment dage is the credtion of proton magretization by cdircular polarized
HFfidd. Wel known that two cdosdy spaced ESR trangtions in nitroxile radicas have opposte
sgn of the DNP factor that results in asence of a 9gnd in a zero fidd a the linear polarization
of HRfidds. The HF circula pumping removes this redriction a the independent excitation of
ESR trandtions. The DNP amplification achieves the vaue of 10000 for the field of order or less
than 5000nT. Unfortunately, our early experiments have not dlowed to achieve wesker fidds in
view of geomagnetic fidd variations. That is the reason to apply magnetic screen.

According to the experiment results and modern DNP theory was formulated the
geometric paradox. On one hand from the experimentd point of view and from modern theory of
DNP there are no redrictions a absolute zero magnetic fieddd. On the other hand a crcular
polarization HRfidd defines the plan where two perpendicular vectors are equivdent. The rights
and left drde are defined only by congant fidd direction. There are two possible decisons in a
zero fidds
1 In a zeo magnetic fidd the sgn of the proton DNP factor will form accidentdly with equd

probabilities depending on a spontaneous internd field which will st adirection.

2. It is mogt probable, that the DNP dgnd will decresse to zero with gpproaching of zero of
magnetic fidd that will solve the specified geometricd paradox by an obvious way. The
shap reduction of DNP effect will be observed a 3 up to 30nT, which meets to NMR width.
Such outcome will require development of a DNP theory taking into account a locd proton
fidd. It will give an opportunity of direct investigation of unresonant proton magnetic fidds
in liguids and porous media
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NMRD CURVESWITH SUB-MILLISECOND RELAXATION TIMES

Vamanan Sathessh, Gianni Ferrante®”, Alexander Galkin® and Marco Villa™?
'Stelar sr.l, Mede (PV) — 27035, Itdy.
e-mail: info@sdar.it
?INFM and Dipartimento di Scienze Ambientdli, Viterbo, Italy.

The question of how chort a rdaxaion time can be messured with a given Fidd
Cyding NMR rdaxometer does not have a smple answer. Noack argued severd years ago
thet, for a dngle-exponentid process this lower limit is essentidly determined by the sgna-
to-noise ratio. In fact, due to fidd-switching times and other ddays, we may observe only a
gndl pat of the decay expected in an ided experiment. Furthermore, the observed
“amplitude of relaxation” may be a sndl fraction of the maximum sgnd, thus leeding to
large uncertainties in the edimation of T;. For given dgnd amplitudes and experimenta
conditions, we expect the datidicd uncetanty of an individuad measurement to rapidly
increase as the relaxation time is reduced below a“criticd vaue'.

We have peformed NMRD experiments with MnClz solutions and found that the
uncertainty increeses by aout an order of magnitude when T; goes from 8ms (low fidd
vdue of a 2mM solution) to 0.25ms (low fidd vadue of a 80mM solution, and “practicd”
lower limit of our sysem). We have used a sandard NMRD routine (40 relaxation fidd
vadues from 10kHz to 10MHz) with pre-polarized (PP) and nonpolarized (NP) sequences
for rdaxation fidds bdow 4MHz and dove 4MHz, respectivdly. The polarization field was
15MHz, the obsarvaion fidd was 9.25 MHz, the switch times were st to 0.8ms and the
rdaxaion dday was varied from O to four times the edimaed Ti in Sxteen deps. With
sixteen phase-cycled averages, the typicd eror is smdler than 0.3% when T;>2ms At 1
ms and bdow, the eror appears to be drongly dependent upon the rdaxation fidd, and
displays adivergent behavior with decreasing B below 100 kHz.

All the NMRD plots we obtained display a very smooth and “reasonable’ behavior
even aound 4MHz, where the acquisition sequence switches from NP to PP.  While the
rlaxivity vaues & 10 MHz ae essatidly the same within the uncertainty of compostion,
we obsaved a dear trend of decreesing low fidd rdaxivity with increasng Mn™
concentration.  The reduction observed rdative to the relaxivity a 2 mM is nearly 20% in the
80 mM sample, i.e. much larger then the 2 % error of this measurement.  Work is in progress
to undersand the field dependence of the eror, the concatraion dependence of reaxivity,
and the possible role of artifacts occurring when measuring Ta's in sub-millisecond range.
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STATISTICAL ERRORS AND REPRODUCIBILITY OF T, DATA IN
FAST FIELD CYCLING EXPERIMENTS

Vamanan Satheesh®’, Gianni Farrante?, and Marco Villal?

'Stelar sr.l, Mede (PV) — 27035, ltdly.
e-mal: info@3darit
4ANFM and Dipartimento di Scienze Ambientdli, Viterbo, Italy.

A nice feature of fidd cyding rdaxometry is that it is largdy immune to the atifacts
which often affect Tt measurements a fixed fidds partid irrediation, interference of the free
induction decays of saturating and reeding pulses, unwanted coherence effects in pulse trains.
Under mogt conditions of fidd cyding, we expect a set of sgnds (fid or echoes) which
change only as a function of the vaidble rdaxation interva. Interference and coherence
effects are absent, while delays associated with nonrided fidd switching should  contribute
just congtant terms and condant coefficients to the sgnd expresson. In a firs gpproximation,
the reproducibility of T, data should be determined by the noise of the dgnds such an

intrinsc uncertainty is eadly esimated in the nortlinear T fitting procedure.

In the red world, a number of non-random gSgnd didortions may aise which cause
sysematic erors of Ty they may be rdaed with eddy currents, ungtable rf and datic fieds,
additive effects of closdy spaced switching events etc. We have performed extensve tests of
reproducibility collecting NMRD curves with different pulse sequences and  different
mechines over hdf a year to edimae the role of these digortions. These measurements have
been peformed a 25°C with a 2 mM solution of MnCl: seded in a test tube Visudly, the
NMRD curves obtained with the last three systems produced by Stdar overlgp very nicdy,
but the F-test applied to the sats of three data obtained a the same rdaxation fidds reveds
that the mgority of these sets has ggnificantly ©<0.01) different T; vaues, i.e. vdues which
are not compatible with the datigica errors.  On the other hand, with an error of 1%, the Tx
vadues would have been mutudly compaible An implication is tha there is no point in
griving for higher quality dataif theintrindc error is beow 1%.
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Molecular dynamics in tilted bilayer smectic phases: a
proton NMR relaxometry study

A. Carvalho'?, P. J. Sebastiao'*, A. C. Ribeiro', H. T. Nguyen®, and M. Vilfan*
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“Escola Superior de Tecnologia da Saide de Lisboa, R. José
Carlos dos Santos, 7, 1700-256 Lisboa, Portugal
JONRS, Centre de Recherche Paul Pascal, Av. A. Schweitzer,
F-33600 Pessac, France,

*Jozef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia

We present a comprehensive study of the NMR proton spin-lattice relaxation
in the liquid crystal 4-octylphenyl 2-chloro-4-(4-cyanobenzoyloxy)benzoate,
DBsCl for short.

cl
\
CgHg@ OOC@ ooc@ CN

Cr —100°C — SmC,— 107°C — SmC, — 117°C — SmA, — 155C — N — 168C |

This study is focused on the uniformly tilted bilayer smectic C phase (SmC,),
and on the anticlinic-like phase (SmC-), which appears at lower temperature,
and which is - as far its proposed structure is concerned - between the alter-
nating and the bilayer tilted phases [1-4].

The proton spin-lattice relaxation time T} of DBgCl was measured as a
function of Larmor frequency (v), sample’s orientation angle and temperature.
In order to cover a broad Larmor frequency range from ~500Hz to 300 MHz,
three different NMR spectrometers were used: a Bruker MSL 300 operating at
300 MHz; a Bruker SXP-4/100 for frequencies between 5 MHz and 100 MHz,
and a home-built fast field-cycling spectrometer in the low frequency regime
[5].

The proton spin-lattice relaxation measurements are quantitatively inter-
preted by a global target non-linear least-square fitting minimization proce-
dure in which a linear combination of relaxation mechanisms’ models is used:
translational self-diffusion, modulating inter-molecular magnetic dipolar pro-
ton interactions; director fluctuations (DF), expected to be effective at low fre-
quencies; and molecular rotations/reorientations, acting on the intra-molecular
interactions.

Though the same relaxation mechanisms are basically present in all studied
mesophases, their parameters obtained in the fit reveal the specific character
of each mesophase.
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Figure 1. Frequency dependence of the proton spin-lattice relaxation time in
four different liquid crystal phases of DBgCI.

The correlation times associated with local molecular reorientations, which are
the most effective relaxation mechanism in the high frequency regime, increase
smoothly with decreasing temperature as expected for a thermally activated
motion. On the other hand, translational self-diffusion dominating the proton
relaxation at intermediate frequencies, shows an abrupt increase in the intra-
layer correlation time at the transition from the SmC; into SmC, phase due
to the anticlinic character of the latter.

The most significant difference between the studied mesophases is observed
in the kHz frequency range. In the nematic phase the usual square root disper-
sion profile is observed. In the SmA; phase a linear frequency dependence of
(T7 ") pr, ascribed to the undulations of the layers, explains the experimental
data. In contrast to former conjectures, we find that the 77" low-frequency
dispersion in the SmC; and SmC- phases can be explained only if - in addition
to layer undulations - fluctuations of the director about the layer normal, which
occur without distortion of the layers, are taken into account. The calculated
contribution of the in-plane director fluctuations in the tilted smectic phases
yields a dispersion (T, pr ~ v~ '/2_ similar to nematic fluctuations, which is,
however, an intrinsic property of tilted smectic phases.
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We present some experimental results of an IGBT pulsed switched power supply for a
field cydling circuit spectrometer. The power circuit combines a wel-known topology with
a soecific control circuit usng IGBT semiconductors (Fig. 1) [1]. The fast current trangent
responses and the steady-state current characteristic of this circuit, obtained with an FFC
NMR magnet, are shown and discussed.

The implemented control circuit condders two different paths to generate the gate
sgnas of each power semiconductor and adjust the current ripple. The protection circuits
adapted with different parameters for each IGBT diminate the over-voltages and over-
currents in each circuit.

A FC magnet with ohmic resstance of 6 Ohm and sdf-inductance of 38 mH was used
to test this dreuit [2], usng a maximum nomind current amplitude of 20 A (corresponding
to amagneticfidd of ~ 0.2 T).

Main circuit: .
1
: Contral circuit Magnet power supply
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Fig. 1 — Global block diagram of the field cycling control circuit
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Fig. 2 - Current transient from O A to the nominal magnet current  Fig. 3 — Current transient from the nomina magnet current
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The magnet current trangents between the minimum and maximum vaues are shown in
Fig. 2 and Fig. 3. In these figures, it is possble to see that the proposed power circuit
assures the appropriate dynamic behavior of the magnet current.

The magnet current ripple is an important parameter to guarantee the flux densty
dability. The solution proposed to reduce the current ripple to be the minimum possble
condders a triangular wave adjusted in amplitude and frequency which is added to the
reference dgnd. In this way the naturd ripple shown in Fg. 4 (which has a triangular
waveform) is very much reduced as shown in Fig. 5.
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Fig. 4 - Current ripple without the triangular wave Fig. 5 — Control circuit triangular wave and the resulting magnet
current ripple

The improvement of the proposed solution is discussed in terms of a reduction of the
current ripple, and of the Bigh-low and Bow-high commutation times by usng semiconductors
with higher commuitation frequencies and addition of auxiliary circuits.

As a find remark we would like to point out that in order to improve the dynamic and
deady date peformances of this power supply, the use of semiconductors with high
current and voltage capabilities, and high commutation frequencies are mandatory. Fed

cycling power supplies can be implemented with the proposed topology to drive high
current magnets.
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