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The magnetic field dependence of the nuclear spin–lattice re-
axation rate provides a detailed report of the spectral density
unctions that characterize the intra- and intermolecular fluctua-
ions that drive magnetic relaxation. We have addressed the dif-
cult sensitivity and resolution problems associated with low mag-
etic field strengths by using two magnets in close proximity and
hielded from each other. The sample is stored in the high mag-
etic field, pneumatically driven to the variable satellite field, then
eturned to the high field for detection at high resolution. A
agnetic shield effectively decouples the two magnets so that

arying the satellite field strength has minimal effect on the field
trength and shim of the high field magnet. The disadvantage of
he sample–shuttle magnet-pair system is the restriction imposed
n the relaxation times by the finite shuttle times. Experiments not
escribed here have shown this rate maximum to be about 20 s21

or most practical solutions. However, we demonstrate here that
he sensitivity gains over switched-current magnet systems permit
haracterization of solute inter- and intramolecular dynamics over
he time scale range from tens of microseconds to less than a
icosecond. This range permits investigation of a number of cru-
ial chemical dynamics questions, while high sensitivity permits
xamination of a variety of solute spins. Representative data are
resented for 1H, 111Cd, and 7Li. © 1999 Academic Press

Key Words: high-resolution magnetic relaxation dispersion;
agnetic relaxation dispersion; nuclear magnetic relaxation dis-

ersion; field dependence; spin–lattice relaxation.

INTRODUCTION

Problems ranging from molecular recognition to chem
eactivity can be discussed within the context of molec
ynamics that include the concerted intramolecular mode
olute diffusion properties. The magnetic field dependenc
uclear spin–lattice relaxation rates known as the mag
elaxation dispersion (MRD) maps the spectral density f
ions that are Fourier transforms of the correlation funct
hat characterize such random molecular motions. In princ
he relaxation dispersion data provide virtually all the dyn
cal information relevant to a nuclear magnetic resonance
eriment, provided that a sufficiently wide range of magn
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eld strengths is sampled. TheS/N and spectral resolution
n NMR experiment are both field dependent, so varying
agnetic field of the spectrometer for the purpose of meas

he spectral density presents problems at low fields (1, 2). A
olution to the sensitivity problem is to induce time dep
ence in magnetic field strength either by varying the curre
superconducting solenoid or resistive electromagnet o

hysically moving the sample between two independent fi
witched-current systems have the advantage of short
witch times, which allow measurement of high relaxa
ates (3–6). However, the magnetic field strengths achie
mply low sensitivity, and resolution is that associated wi

inimally shimmed magnet. Spectrometer arrangemen
hich time dependence of the magnetic field is derived f
hysical sample displacement have been employed exten

o execute zero-field NMR (7) and pure nuclear quadrupo
esonance (8, 9). Utilization of a well-shimmed high fiel
agnet provides vastly improved sensitivity and spectral
lution as compared with switch-current magnets. The ran
bservable relaxation rates is limited in this setup by the fi

ime for the sample transit, since relaxation occurring in
egion between the two principal magnetic fields canno
asily controlled.
In this paper, we describe a dual magnet arrangeme
hich the sample is shuttled pneumatically between inde
ent fields to record the magnetic field dependence o
uclear spin–lattice relaxation rates. In the configuration
lemented, the two magnetic fields are sufficiently well

ated that good resolution is maintained in the high field w
he satellite field is changed over the range from 0 to 1.6 T
emonstrate the capabilities of the approach with mag
elaxation dispersion measurements of1H, 111Cd, and7Li.

MAGNETIC FIELD CYCLE AND SAMPLE MOVEMENT

The magnetic field pair consists of a 7.05-T 65-mm-b
uperconducting magnet located 231 mm above a 1.25
hick iron box housing a GMW Model 3472-70 10.16
lectromagnet (Fig. 1). The electromagnet is orthogonal t
uperconducting magnet field, resulting in only a 0.23-67.

hange in field strength (Fig. 2) when the electromagnet is used
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173HR-MRD SPECTROMETER
t its maximum field of 1.6 T at a pole gap of 19 mm. T
lectromagnet is driven by a Danyfysik System 8000 po
upply with 18-bit current resolution, providing a stable m
et field. Regulation of the variable magnet field is contro
y an EPS 386 personal computer running Labview 4.1.
agnetic field is sensed by a Hall Probe affixed to the

FIG. 1. Schematic representation of the magnet pair system consist
he 7.05-T superconducting magnet, which provides the preparation a
ection field, and the variable-field electromagnet inside the shield, w
rovides the evolution field in which relaxation is studied. The samp
neumatically moved from the preparation field to the evolution field, wh
esides for a variable time, then is pneumatically moved back to the det
eld, where the magnetization is sampled by a standard RF pulse seq
eriod.

FIG. 2. Change in the resonance frequency of the water proton res
atellite evolution field. The circles were recorded when the satellite field

rom the maximum value.
r
-
d
e

le

iece and is coupled to the computer via a GPIB PCII inter
nd a DTM-141 Digital Teslameter. The spectrometer is

rolled by a Macintosh Quadra 800 computer using a L
ecmag unit which provides TTL outputs and a digital d
cquisition board. The Macintosh computer runs Tecmag M
MR and Applescript. This combination of software perm

acile pulse sequence programing, data storage, sample
ent, and control of the satellite electromagnet field setti
Pneumatic control of the sample employs TTL lines from

ecmag Libra system which are interfaced through a
urrent LED and a 2N2222 transistor to a Potter & Brumfi
DC-5 solid-state relay (Fig. 3). The LED both provide
isual indicator of the active TTL line and functions a
00-kV resistor to limit current flow. These relays drive
MC NVS4314-00520 dc air value solenoid for the sam
p/down pressure or an SMC NVS4114-00520 dc air v
olenoid for the sample locking pins that minimize sam
ounce as discussed below. A dual solenoid without a s
eturn is used to control the sample position, which minim
olenoid heating because the current need not be persis
old the solenoid on. A single solenoid using a spring retu
sed for the antibounce sample locking pins. Air pres

ypically used to move the sample is 0.4 atm above a
pheric pressure and typical transit times between field
00 ms with this design.
Isolation of the two magnet fields was achieved by enclo

he variable-field electromagnet in an iron box designed
agnex Corporation. The forces developed by the intera

of
de-
h
s
it
on
nce

nce measured in the high or detection field as a function of the field s
s increased, while the squares were recorded when the satellite field ws decrease
ona
wa
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etween the iron shield and the superconducting magn
uire modification of the magnet support structure intern

he Dewar to handle the stresses, which was also design
agnex. A 11.7-T Dewar was used to provide a larger he

apacity to increase the cryogen hold times. Access to
lectromagnet compartment is provided by a 263 29-cm
liding iron door. Service cables providing water, electric
ir, and vacuum are provided by 353 56-mm ports at th
ottom of the iron shield. The sample shuttle tube is adm

o the shielded region through a 1.0-cm hole that is dire
elow the superconducting magnet bore. This configura
esults in a distance of 82 cm between the two magnetic
enters.

THE LIQUID SAMPLE SHUTTLE

The sample container must satisfy conflicting requirem
f minimal mass, maximum detection volume, and mecha
trength sufficient to suffer tens of thousands of rapid acc
tions and decelerations while containing a liquid sam

FIG. 3. Schematic diagram of the sample shuttle control arrangem
rumfield, ODC-5 solid-state relays.
lthough different approaches may be adequate, we find ths
re-
o
by

he

,

d
ly
n
ld

ts
al
r-

e.

he design indicated in Fig. 4 works well. The sample conta
r shuttle is made of Delrin, with the liquid confined in
maller-diameter end. The thin walls at this end permit m
al coupling between the RF coil and the sample. The
alls are mechanically adequate because the stresses
udden stop in the detection region are taken largely by the
houlders where the shuttle has thick walls. The liqui
onfined by insertion of a silicone O-ring cord stock piece
ubsequent compression by a threaded nylon rod that
ush with the outer wall of the shuttle. The sample volum
pproximately 0.20 ml, which is smaller than normal for hi
esolution spectroscopy. The small volume has several ob
mplications: The NMR signal is reduced. The small m
educes the settling and transit times. The high degree of
omogeneity with standard field shims is lost because o
mall sample diameter. The resolution is still sufficient, h
ver, for most experiments of interest. The sensitivity
aused by the small diameter cannot be easily regaine
imply increasing the diameter of the shuttle. In many c

t. The 2N2222 transistors buffer the TTL logic pulse which drives the
en
atpin–lattice relaxation rates are large, resulting in large signal
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175HR-MRD SPECTROMETER
ntensity losses when transit times increase. The signal lo
xponential in the shuttle transit time while the signal
aused by a smaller volume is approximately linear in
olume. Thus, we choose to minimize transit times. T
esign permits study of liquids for many shuttle excurs

rom high to low fields and back again. An excess of 500
ound trips before failure have been achieved with this de

The 7.93 mm (5/16-in.)-o.d. and 6.35 mm (1
4-in.)-i.d. sample

huttle tube is made of grade XX Garolite, a strong but
rittle paper composite. The shuttle tube seats into a D
eceiver positioned to center the sample in the low, vari
eld as shown in Fig. 5 and is sealed by an O-ring to con
he gas pressure. The upper sample stop is represented

FIG. 4. Schematic diagram of the liquid sample shuttle. The body o
huttle is made from Delrin and the liquid seal is made with silicone O
ord stock.

FIG. 5. Schematic diagram of the shuttle tube receiver and sample s
he evolution field region. The main body is brass, but the sample s
telrin, which reduces the sample rebound.
is
s
e
s
s
0
n.

t
in
le
in
Fig.

, with the sample shuttle shown approaching the reson
egion in the high-field magnet. The shuttle receiver housi
ade of Delrin; the sample locking pins are made of brass

heir position is controlled pneumatically. These pins h
uide the sample into the resonance region as it approach
F coil, lock it in place when the sample bottom passes,
re retracted pneumatically when a sample excursion to th
eld is initiated.
The RF coil is a saddle coil (10) cut from 0.00275-in

0.07-mm)-thick copper tape and is 15 mm long with
.76-mm diameter. The coil assembly is constructed by a

ng the RF coil to a support machined from Delrin. Wire le
re then soldered to the coil and the surface is potted
-mm-thick Ciba Araldite epoxy. Threaded holes in the De
upport base provide for mechanical adhesion of the epo
he Delrin. After the epoxy has cured, the center hole is dr
o the size required to accommodate the shuttle, leavi
.2-mm (0.008-in.) Delrin layer on the inside of the resona
egion between the RF coil and the sample container.

RELAXATION RATE MEASUREMENT

Relaxation rates for different magnetic fields are determ
y polarizing the sample in the preparation field of the su
onducting magnet, then moving the sample to the sat
volution field for a variable time,tE, and finally returning th
ample to the high field where the magnetization is dete
ith a standard pulse sequence. The sample experien

ime-varying magnetic field as a consequence of the move
etween the two magnetic fields as shown in Fig. 7.
ariable time,tE, is incremented as in standard relaxation p
equences. The sample shuttle trajectories are constant,
he field excursions that take the spins momentarily to
alues of the magnetic field subtract a constant contributio

e
g

in
is

FIG. 6. Schematic diagram of the high-field shuttle tube receiver sho
he stop, pneumatically controlled clamping pins, and RF coil.
he signal intensity when the sample returns to the high field.
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176 WAGNER ET AL.
easurements have indicated that we may ignore these
ributions and fit the relaxation data to a three parameter m

M~tE! 5 A exp~2tE/T1~BE!! 1 C.

is proportional to the initial Boltzmann distribution mag
ization, and C is a constant resulting from the low-fie
elaxation effects due to finite sample transit times, low-fi
agnetization equilibrium values, as well as the settling

n the high field.T1(BE) is the relaxation time of the spi
bserved in the evolution or relaxation field, which is va
ystematically thoughout the experiment.

EXAMPLE SOLUTE DISPERSIONS

ultiple Resonance Detection

Figure 8 shows the MRD profiles for water protons as
s methyl protons of dimethyl sulfoxide recorded simu
eously in a serum albumin protein solution. These data
nstrate the advantage of spectral resolution which is ach
sing a shimmed high-resolution magnet. Assuming the in

ion point at 1 MHZ is a good approximation of the correlat
ime we see a rotational correlation time of 135 ns reporte
oth the dimethyl sulfoxide and water protons. The inflec

requency reports the rotational motion of the protein or pro
ggregates in the concentrated solution as discussed
ively by others (11–13). The similar dispersion in the meth
rotons of the cosolvent demonstrates that the rapid exch
f labile solvent protons is not a requirement of the sol

FIG. 7. Schematic diagram of the magnetic field strength experience
he sample as a function of time during a measurement of the relaxation
he sample begins a preparation period in the high field during whic
agnetization comes to equilibrium. The shuttle to the lower evolution

arries the sample through a near-zero field region between the magnet
rrival at the low field, the sample magnetization evolves for a variable

E, after which the sample is moved to the high field. The return path
arries the sample momentarily through the zero-field region before arriv
he high-field resonance region with a delay timet d before detection.
oupling to the protein dynamics in the solution. The relaxatioc
n-
el:

d
e

ll
-

-
ed
c-

y
n
n
en-

ge
t

ispersion curves may be understood in terms of a mod
hich a few solvent binding sites on the protein carry the
f the protein-induced relaxation. An interesting feature

hese data is the high-frequency tail, which is most appare
he water data. This feature will be the subject of a sep
iscussion.

ow-Sensitivity Nuclei:7Li and 111Cd

Figure 9 shows the MRD profiles for lithium ion in t
resence of unilamellar small phospholipid vesicles doped
nitroxide. The low-field relaxation dispersion may be id

ified with complex formation between the lithium ion and
itroxide, leading to a contact or hyperfine coupling betw

he unpaired electron and the lithium nucleus (14). The inflec-
ion point corresponds to the correlation time for this coup
hich is either the electron relaxation time,T1, or the resi
ence time for the lithium ion in the complex. Because
lectron relaxation times for the nitroxides in lipid envir
ents are generally long, the correlation time for the inte

ion may be identified with the mean lifetime for the nitroxid
ithium complex at the membrane surface. We note that
ifetime is much longer than that obtained for the nitroxi
ithium complex in a solution without phospholipid vesic
ut the formation constant for the complex is substant
maller.
In the high field region, the lithium ion relaxation rate

inear in the logarithm of the magnetic field strength or
armor frequency. This dependence is characteristic of r
tion correlated by translational motions in two dimensi
hich has been observed in a variety of contexts (15, 16). In

his case, the two dimensional character may be imparte
he membrane surface and the associated double layer of

FIG. 8. Magnetic relaxation dispersion profiles for water protons
imethylsulfoxide (DMSO) protons recorded simultaneously in a 11.7%

ion of bovine serum albumin containing 11.7% DMSO and 8.5% H2O in D2O
t laboratory temperature. The upper curve is for the water protons, the

y
e.
e
d
fter
e,
in
in
nurve for the methyl protons.
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177HR-MRD SPECTROMETER
erions. The detailed analysis is somewhat involved and w
iscussed elsewhere, but it is clear that these experim
pproaches will provide a variety of opportunities for defin
ynamics of molecules interacting with surfaces, membra
nd membrane-bound functionalities including proteins.
A more challenging sensitivity problem is provided by111Cd.
ata for cadmium relaxed by Mn(II) ion are shown in Fig.
hich was motivated by the interest in defining the chara

stics of like-charge ion pairs thought to be important i
ariety of contexts, particularly electron transfer reactions17–
9). We have observed complex formation between lithium
nd manganese(II) ion (20) and were interested in whether o
ay observe ion pairing interactions between a 21 ion and a

1 ion. The model we used was Mn(II)–Cd(II) because
lectron relaxation time for the hexaaquomanganese(II) i
elatively long. The relaxation dispersion curve shown in
0 shows contributions to relaxation correlated by both
otational (dash) and translational (dot) diffusion. The infl
ion in the cadmium relaxation rate corresponds to a correl
ime on the order of 100 ps as inferred from the correspon
lectron Larmor frequency. Rotationally correlated mo
enerates a Lorentzian shaped spectral density and impli

ormation of a cation–cation complex with a lifetime at leas
ong astrot. The observation that a cation–cation complex
xists long enough to rotate as a unit, i.e., about 100 ps i
resent case, implies that the lifetime of the complex is at

his long. While the Lorentzian form of the MRD data sugg
he formation of a complex, the ionic strength is on the o
f 10 M so that anion participation in the complex formatio

FIG. 9. 7Li magnetic relaxation dispersion profiles obtained for 0.5
ithium perchlorate aqueous solutions containing 50 mM unilamellar extr
0 nm POPC phospholipid vesicles, with integrated spin labels 5-doxyl
cid at 9.5 mM (F) and 4.5 mM (■), total nitroxide concentration. Th
iamagnetic curve (E) has a small slope thought to derive from diffusion
i 1 ion at the membrane surface. In the sample containing the parama
pin label, the low field contribution to the relaxation rate can be attribut
Fermi contact interaction arising from the complexation between the lit

on and the nitroxide moiety.
irtually ensured. Nevertheless, the experiment demonstrai
e
tal

s,

r-

n

e
is
.
e
-
n
g

n
the
s
t

he
st
s
r

he utility of employing paramagnetic centers in the contex
relaxation dispersion experiment, since molecular dyna

n the picosecond time scale may be investigated.
When an electron–nuclear dipole–dipole coupling do

ates the nuclear spin relaxation, the relaxation equatio
ludes spectral density terms involving (v I 6 vS), which is
ell approximated by the electron Larmor frequency. Th

erms provide dynamical information down to the range
enths of picoseconds with standard superconducting mag
hus, the relaxation dispersion experiment may now pro
xperimental information about dynamics in solution alm
ontinuously from the range of milliseconds to picoseco
hich significantly overlaps current computational molec
ynamics modeling capabilities.

SUMMARY

The magnetic relaxation dispersion spectrometer assem
ere provides reasonably efficient sample transfer betwe
igh-field preparation and detection field and a variable re
tion field which permits acquisition of magnetic relaxa
ispersion data on solutes in high resolution. These data
rovide a map of spectral density functions that charact

he fluctuations driving relaxation in the systems and there
rovide a test of the theoretical constructs used to an
elaxation data. The frequency range that may be probe
hese experiments corresponds to time scales on the or
illiseconds to subpicoseconds provided that paramag

FIG. 10. Cadmium-111 magnetic relaxation dispersion data obtained
.0 M cadmium nitrate solutions in natural isotopic abundance containin
M manganese nitrate. The paramagnetic contribution to the cadmium

attice relaxation rate is apparent as the inflection at an electron La
requency of approximately 1010 s21. Several spectra were averaged to o
ome the sensitivity problem so that eachT1 value obtained results from 6
easurements. The entire experiment required 5 days. The solid line illu

he cumulative contributions to relaxation generated by rotational (das
nd translational diffusion (short dash). Deviation of the theoretical line

he data points is due to high ionic strength which has not been accoun

d
ic

tic
to
m

tesn the theory.
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ontributions to relaxation may be exploited. The applicat
f these techniques appear to be extensive.
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