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The magnetic field dependence of the nuclear spin—lattice re-
laxation rate provides a detailed report of the spectral density
functions that characterize the intra- and intermolecular fluctua-
tions that drive magnetic relaxation. We have addressed the dif-
ficult sensitivity and resolution problems associated with low mag-
netic field strengths by using two magnets in close proximity and
shielded from each other. The sample is stored in the high mag-
netic field, pneumatically driven to the variable satellite field, then
returned to the high field for detection at high resolution. A
magnetic shield effectively decouples the two magnets so that
varying the satellite field strength has minimal effect on the field
strength and shim of the high field magnet. The disadvantage of
the sample-shuttle magnet-pair system is the restriction imposed
on the relaxation times by the finite shuttle times. Experiments not
described here have shown this rate maximum to be about 20 s~
for most practical solutions. However, we demonstrate here that
the sensitivity gains over switched-current magnet systems permit
characterization of solute inter- and intramolecular dynamics over
the time scale range from tens of microseconds to less than a
picosecond. This range permits investigation of a number of cru-
cial chemical dynamics questions, while high sensitivity permits
examination of a variety of solute spins. Representative data are
presented for 'H, ™'Cd, and "Li. © 1999 Academic Press
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INTRODUCTION

Problems ranging from molecular recognition to chemlcgl
reactivity can be discussed within the context of molecul?ﬁ satellite field is changed over the range from 0 0 1.6 T. W
dynamics that include the concerted intramolecular modes a@g .

solute diffusion properties. The magnetic field dependence

field strengths is sampled. TI8N and spectral resolution of
an NMR experiment are both field dependent, so varying th
magnetic field of the spectrometer for the purpose of measurit
the spectral density presents problems at low field)( A
solution to the sensitivity problem is to induce time depen
dence in magnetic field strength either by varying the current i
a superconducting solenoid or resistive electromagnet or |
physically moving the sample between two independent field
Switched-current systems have the advantage of short fiel
switch times, which allow measurement of high relaxatior
rates 8—6). However, the magnetic field strengths achieve
imply low sensitivity, and resolution is that associated with
minimally shimmed magnet. Spectrometer arrangements
which time dependence of the magnetic field is derived fror
physical sample displacement have been employed extensivi
to execute zero-field NMR7} and pure nuclear quadrupole
resonance §, 9). Utilization of a well-shimmed high field
magnet provides vastly improved sensitivity and spectral re
olution as compared with switch-current magnets. The range
observable relaxation rates is limited in this setup by the finit
time for the sample transit, since relaxation occurring in th
region between the two principal magnetic fields cannot b
easily controlled.

In this paper, we describe a dual magnet arrangement
which the sample is shuttled pneumatically between indepe
dent fields to record the magnetic field dependence of tt
nuclear spin—lattice relaxation rates. In the configuration in
lemented, the two magnetic fields are sufficiently well iso
ated that good resolution is maintained in the high field while

monstrate the capabilities of the approach with magnet
relaxation dispersion measurements'idf **'Cd, and’Li.

nuclear spin—lattice relaxation rates known as the magnetic

relaxation dispersion (MRD) maps the spectral density func- AGNETIC FIELD CYCLE AND SAMPLE MOVEMENT
tions that are Fourier transforms of the correlation functioné\/I

that characterize such random molecular motions. In principle

the relaxation dispersion data provide virtually all the dynam- "¢ _Magnetic field pair consists of a 7.05-T 65-mm-bor
P P y Y superconducting magnet located 231 mm above a 1.25-ct

ical information relevant to a nuclear magnetic resonance %ick iron box housing a GMW Model 3472-70 10.16 cm

periment, provided that a sufficiently wide range of magnet'eﬁectromagnet (Fig. 1). The electromagnet is orthogonal to tt

To whom correspondence should be addressed. Fax: (804) 924—3s8#Pperconducting magnet field, resulting in only a 0.23-ppr
E-mail: rgh4g@virginia.edu. change in field strength (Fig. 2) when the electromagnet is us:

1090-7807/99 $30.00 172

Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



HR-MRD SPECTROMETER 173

/ﬂ_ N piece and is coupled to the computer via a GPIB PCIll interfac

ﬁ and a DTM-141 Digital Teslameter. The spectrometer is cor
trolled by a Macintosh Quadra 800 computer using a Libr
Tecmag unit which provides TTL outputs and a digital datz
acquisition board. The Macintosh computer runs Tecmag Ma
NMR and Applescript. This combination of software permits
facile pulse sequence programing, data storage, sample mo

Supercon magnet

10-

i __H___ Probe assembly ment, and (?ontrol of the satellite electromagnet field setting:
- _ Pneumatic control of the sample employs TTL lines from the

" Iron shield 1/2 Tecmag Libra system which are interfaced through a lo

Dq 4" Electromagnet current LEI? and a 2N2222'transistor to a Potter & qumfielc
ODC-5 solid-state relay (Fig. 3). The LED both provides &

visual indicator of the active TTL line and functions as &

G 1 Schemat ation of th ¢ oair Svst i 1%;)4@ resistor to limit current flow. These relays drive an

. 1. Schematic representation of the magnet pair system consisting ) : .
the 7.05-T superconducting magnet, which provides the preparation and §e- C NVS4314-00520 dc air value solenoid for the gamph
tection field, and the variable-field electromagnet inside the shield, whit/down pressure or an SMC NVS4114-00520 dc air valv
provides the evolution field in which relaxation is studied. The sample &olenoid for the sample locking pins that minimize sample
ides th lution field in which relaxation i died. Th le 8Ol d for th le lock that I
pneumatically moved from the preparation field to the evolution field, wherefjgunce as discussed below. A dual solenoid without a sprir
resides for a variable time, then is pneumatically moved back to the detectmum is used to control the sample position which minimize
field, where the magnetization is sampled by a standard RF pulse sequenc? . . ' . |
period. solenoid heating because the current need not be persisten
hold the solenoid on. A single solenoid using a spring return |

used for the antibounce sample locking pins. Air pressur

at its maximum field of 1.6 T at a pole gap of 19 mm. Thé&pically used to move the sample is 0.4 atm above atmc
electromagnet is driven by a Danyfysik System 8000 powg&pheric pressure and typical transit times between fields a
supply with 18-bit current resolution, providing a stable magt00 ms with this design.

net field. Regulation of the variable magnet field is controlled Isolation of the two magnet fields was achieved by enclosin
by an EPS 386 personal computer running Labview 4.1. Thee variable-field electromagnet in an iron box designed b
magnetic field is sensed by a Hall Probe affixed to the poléagnex Corporation. The forces developed by the interactic
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FIG. 2. Change in the resonance frequency of the water proton resonance measured in the high or detection field as a function of the field settir
satellite evolution field. The circles were recorded when the satellite field was increased, while the squares were recorded when the satddldedieldsed
from the maximum value.
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FIG. 3. Schematic diagram of the sample shuttle control arrangement. The 2N2222 transistors buffer the TTL logic pulse which drives the P«
Brumfield, ODC-5 solid-state relays.

between the iron shield and the superconducting magnet ttee design indicated in Fig. 4 works well. The sample containe
quire modification of the magnet support structure internal tor shuttle is made of Delrin, with the liquid confined in the
the Dewar to handle the stresses, which was also designedshaller-diameter end. The thin walls at this end permit maxi
Magnex. A 11.7-T Dewar was used to provide a larger heliumal coupling between the RF coil and the sample. The thi
capacity to increase the cryogen hold times. Access to tglls are mechanically adequate because the stresses of
electromagnet compartment is provided by a 2629-cm sydden stop in the detection region are taken largely by the st
s!iding iron door. Service pables providing water, electricitygsnoulders where the shuttle has thick walls. The liquid i
air, and vacuum are provided by 3§ 56-mm ports at the confined by insertion of a silicone O-ring cord stock piece an
bottom of the iron s.hleld. The sample shuttle tube is adm'tt‘i,ﬁbsequent compression by a threaded nylon rod that is ¢
to the shielded region through a 1.0-cm hole that is directly,qy, \yith the outer wall of the shuttle. The sample volume i
below t.he sqperconductlng magnet bore. This conﬁggrag% proximately 0.20 ml, which is smaller than normal for high-
results in a distance of 82 cm between the two magnetic fler solution spectroscopy. The small volume has several obvio

centers. implications: The NMR signal is reduced. The small mas
reduces the settling and transit times. The high degree of fie
homogeneity with standard field shims is lost because of tt

The Samp|e container must Satisfy Conﬂicting requiremerﬁma” sample diameter. The resolution is still sufficient, how
of minimal mass, maximum detection volume, and mechanicgter, for most experiments of interest. The sensitivity los
strength sufficient to suffer tens of thousands of rapid acceleprused by the small diameter cannot be easily regained
ations and decelerations while containing a liquid samplgeimply increasing the diameter of the shuttle. In many case
Although different approaches may be adequate, we find tlspin—lattice relaxation rates are large, resulting in large sign

THE LIQUID SAMPLE SHUTTLE
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< FIG. 6. Schematic diagram of the high-field shuttle tube receiver showin
10-32 nylon the stop, pneumatically controlled clamping pins, and RF coil.
threaded rod

FIG. 4. Schematic diagram of the liquid sample shuttle. The body of the
shuttle is made from Delrin and the liquid seal is made with silicone O-ring, with the sample shuttle shown approaching the resonan

cord stock. region in the high-field magnet. The shuttle receiver housing
made of Delrin; the sample locking pins are made of brass at

intensity losses when transit times increase. The signal IossthlgIr position is controlled pneumatically. These pins hel

) - . ; uide the sample into the resonance region as it approaches
exponential in the shuttle transit time while the signal lo F coil, lock it in place when the sample bottom passes, ar
caused by a smaller volume is gppr_oxmately I|r_1ear n thaere retracted pneumatically when a sample excursion to the Ic
volume. Thus, we choose to minimize transit times. Th;rs S
design permits study of liquids for many shuttle excursion'seld IS initiated.
from high to low fields and back again. An excess of 500,0 BgeanF) t‘;]?é'k 'Sco‘i)::rd‘f;%ecogig) iguELSfronTmo'I(c))(r)é]??/\; o

- - C

%
round trips before failure have been achieved with this desig&u' . : .
The 7.93 mm (5/16-in.)-0.d. and 6.35 méirf.)-i.d. sample .76-mm diameter. The coil assembly is constructed by adhe

shuttle tube is made of grade XX Garolite, a strong but ot the RF coil to a support machlned from Delrlr_1. Wire Iead_f
are then soldered to the coil and the surface is potted wil

bnttl_e paper_gomposne. The shuttle tube_seats Into a pelr rJmm-thick Ciba Araldite epoxy. Threaded holes in the Delrir
receiver positioned to center the sample in the low, variable . . .
support base provide for mechanical adhesion of the epoxy

Iféd :\Ss S?S\SNST”IZ Ellg.eg)uangrlss;riallidsi)g 6:2 g“rggégtgg?; I e Delrin. After the epoxy has cured, the center hole is drille
gasp ' PP P P P og[he size required to accommodate the shuttle, leaving
0.2-mm (0.008-in.) Delrin layer on the inside of the resonanc

region between the RF coil and the sample container.

~—— Shuttle tube walls

RELAXATION RATE MEASUREMENT
g— O-ring
Relaxation rates for different magnetic fields are determine
J [ Sample receiver by polarizing the sample in the preparation field of the supel
I conducting magnet, then moving the sample to the satelli
evolution field for a variable timerg, and finally returning the

sample to the high field where the magnetization is detecte
with a standard pulse sequence. The sample experience:
time-varying magnetic field as a consequence of the moveme
between the two magnetic fields as shown in Fig. 7. Th
variable time, is incremented as in standard relaxation puls
sequences. The sample shuttle trajectories are constant, so
FIG.5. Schematic diagram of the shuttle tube receiver and sample stoptme field excursions _tha_t take the Spins momentanl_y t°_ lo
the evolution field region. The main body is brass, but the sample stopM@lues of the magnetic field subtract a constant contribution |

Delrin, which reduces the sample rebound. the signal intensity when the sample returns to the high fiel
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dispersion curves may be understood in terms of a model
which a few solvent binding sites on the protein carry the bull

of the protein-induced relaxation. An interesting feature o

these data is the high-frequency tail, which is most apparent
T B, the water data. This feature will be the subject of a separa
. discussion.
©
S Low-Sensitivity Nuclei’Li and *'Cd
iz B, Figure 9 shows the MRD profiles for lithium ion in the
ij presence of unilamellar small phospholipid vesicles doped wit

a nitroxide. The low-field relaxation dispersion may be iden
tified with complex formation between the lithium ion and the
nitroxide, leading to a contact or hyperfine coupling betwee
FIG. 7. Schematic diagram of the magnetic field strength experienced me unpaired electron and the lithium nucletd)( The inflec-
the sample as a function of time during a measurement of the relaxation tifi®Nn point corresponds to the correlation time for this coupling
The sample begins a preparation period in the high field during which tighich is either the electron relaxation tim€,, or the resi-
magnetization comes to equilibrium. The shuttle to the lower evolution fiel§ance time for the lithium ion in the complex. Because thi

carries the sample through a near-zero field region between the magnets. Alil1.oy relaxation times for the nitroxides in lipid environ-
arrival at the low field, the sample magnetization evolves for a variable timég,

7, after which the sample is moved to the high field. The return path agamems are generally long, the correlation time for the interac
carries the sample momentarily through the zero-field region before arrivingti®n may be identified with the mean lifetime for the nitroxide—
the high-field resonance region with a delay titgdefore detection. lithium complex at the membrane surface. We note that thi
lifetime is much longer than that obtained for the nitroxide-
lithium complex in a solution without phospholipid vesicles
Measurements have indicated that we may ignore these cbant the formation constant for the complex is substantiall
tributions and fit the relaxation data to a three parameter modghaller.

In the high field region, the lithium ion relaxation rate is
linear in the logarithm of the magnetic field strength or the
Larmor frequency. This dependence is characteristic of rela
A is proportional to the initial Boltzmann distribution magneation correlated by translational motions in two dimensions
tization, andC is a constant resulting from the low-fieldWhich has been observed in a variety of contedfs, (9. In
relaxation effects due to finite sample transit times, low-fieis case, the two dimensional character may be imparted |
magnetization equilibrium values, as well as the settling tin{é€ membrane surface and the associated double layer of co
in the high field. T,(Bg) is the relaxation time of the spins
observed in the evolution or relaxation field, which is varied
systematically thoughout the experiment.

time———

M(71g) = A exp(—7e/T1(Bg)) + C.

3.0

EXAMPLE SOLUTE DISPERSIONS 25 ©

Multiple Resonance Detection 2.0 ©

e 1/T, (1/s)

Figure 8 shows the MRD profiles for water protons as We@ 15
as methyl protons of dimethyl sulfoxide recorded simultag o o
neously in a serum albumin protein solution. These data der"a;a- I O o)
onstrate the advantage of spectral resolution which is achiev&d O
using a shimmed high-resolution magnet. Assuming the infle@-
tion point at 1 MHZ is a good approximation of the correlation
time we see a rotational correlation time of 135 ns reported by
both the dimethyl sulfoxide and water protons. The inflection
frequency reports the rotational motion of the protein or protein
aggregates in the concentrated solution as discussed exten-
sively by others 11-13. The similar dispersion in the methyl FIG. 8. Magnetic relaxation dispersion profiles for water protons anc

. dimethylsulfoxide (DMSO) protons recorded simultaneously in a 11.7% solt
protons of the cosolvent demonstrates that the rapid exchagggof bovine serum albumin containing 11.7% DMSO and 8.5% i D,0

of |ab_i|e solvent pro_tons is n_Ot a reqUirem_ent of the SO'V‘?BI laboratory temperature. The upper curve is for the water protons, the low
coupling to the protein dynamics in the solution. The relaxatiafrve for the methyl protons.

O
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7LiC|O4 electron wg (rad/s) the ut|I|ty_ of er_nployl_ng param_agnetlc _centers in the contextq
100 10° 100 0" 10% a relaxation dispersion experiment, since molecular dynami
075 ' ' ' e ,d’ on the picosecond time scale may be investigated.

is; 50 mM 50 nm POPC vesices When an electron-nuclear dipole—dipole coupling domi
« % omM  [nitroxide] nates the nuclear spin relaxation, the relaxation equation i

= 0501 ’ . cludes spectral density terms involving,(*£ ws), which is
= o® well approximated by the electron Larmor frequency. Thes
- 45mM . 1 terms provide dynamical information down to the range o
= o5 WEEmg . AL igs 1 tenths of picoseconds with standard superconducting magne
o " u e . Thus, the relaxation dispersion experiment may now provid
°§°° ©090050 0 BY B experimental information about dynamics in solution almos
00 " " ! ) " continuously from the range of milliseconds to picosecond:
o 10* 108 108 107 108 10° 10" which significantly overlaps current computational molecula

"Li o, (rad/s) dynamics modeling capabilities.
FIG. 9. 'Li magnetic relaxation dispersion profiles obtained for 0.5 M SUMMARY

lithium perchlorate aqueous solutions containing 50 mM unilamellar extruded

50 nm POPC phospholipid vesicles, with integrated spin labels 5-doxyl steric_l_h fi | fi di . t t bl
acid at 9.5 mM @) and 4.5 mM @), total nitroxide concentration. The € magnelic relaxation diSpersion spectrometer assem

diamagnetic curve) has a small slope thought to derive from diffusion ofl€re provides reasonably efficient sample transfer betweer

Li* ion at the membrane surface. In the sample containing the paramagnbiigh-field preparation and detection field and a variable rela

spin label, the low field contribution to the relaxation rate can be attributed #gjon field which permits acquisition of magnetic relaxatior

_aFermi conta_ctin_teractic_)n arising from the complexation between the Iithiuﬂ]spersion data on solutes in high resolution. These data s

ion and the nitroxide moiety. . : . .
provide a map of spectral density functions that characteriz
the fluctuations driving relaxation in the systems and therefol

terions. The detailed analysis is somewhat involved and will [p§ovide a test of the theoretical constructs used to analy:

discussed elsewhere, but it is clear that these experimerigd@xation data. The frequency range that may be probed |

approaches will provide a variety of opportunities for definingnese experiments corresponds to time scales on the order

dynamics of molecules interacting with surfaces, membranégilliseconds to subpicoseconds provided that paramagne

and membrane-bound functionalities including proteins.

A more challenging sensitivity problem is provided B{Cd.

Data for cadmium relaxed by Mn(ll) ion are shown in Fig. 10 1”Cd(N03)2

which was motivated by the interest in defining the character-

istics of like-charge ion pairs thought to be important in a

variety of contexts, particularly electron transfer reactidis 15

19). We have observed complex formation between lithium ion

and manganese(ll) ior2Q) and were interested in whether one

may observe ion pairing interactions between+aign and a

2+ ion. The model we used was Mn(Il)-Cd(ll) because the

electron relaxation time for the hexaaquomanganese(ll) ion is

electron wg (rad/s)
108 10° 10°° 10" 102

1T, (1s)
5

relatively long. The relaxation dispersion curve shown in Fig. 0.5

10 shows contributions to relaxation correlated by both the translation

rotational (dash) and translational (dot) diffusion. The inflec- . . ‘ .

tion in the cadmium relaxation rate corresponds to a correlation 10* 10° 106 107 108 10°
time on the order of 100 ps as inferred from the corresponding Mgy o, (radis)

electron Larmor frequency. Rotationally correlated motion _ _ o _ )
generates a Lorentzian shaped spectral density and implies t{é°- 10- Cadmium-111 magnetic relaxation dispersion data obtained for
formation of tion tion complex with a lifetime at | t 3.0 M cadmium nitrate solutions in natural isotopic abundance containing 4.
ormafion or a calio —ca'o compie . a ,e eatleas arﬁM manganese nitrate. The paramagnetic contribution to the cadmium spi
long asr,. The observation that a cation—cation complex th@tice relaxation rate is apparent as the inflection at an electron Larm
exists long enough to rotate as a unit, i.e., about 100 ps in theuency of approximately #0s™. Several spectra were averaged to over-
present case, implies that the lifetime of the complex is at leg@gme the sensitivity problem so that eathvalue obtained results from 640
this Iong. While the Lorentzian form of the MRD data Suggesfgeasurements. The entire experiment required 5 days. The solid line illustra

the formation of mplex. the ionic strenath is on th rdthe cumulative contributions to relaxation generated by rotational (dash-dc
€ Tormation of a compiex, the ionic strength 1S 0 €o gﬂd translational diffusion (short dash). Deviation of the theoretical line fron

O_f 10 M so that anion participation in the Complex formation ighe data points is due to high ionic strength which has not been accounted -
virtually ensured. Nevertheless, the experiment demonstraitese theory.
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contributions to relaxation may be exploited. The application§. D. T. Edmonds, M. J. Hunt, A. L. Mackay, and C. P. Summers, in
of these techniques appear to be extensive.

Institutes of Health (GM-54067, GM-39309, and GM 34541). This instrumenty ,
evolved conceptually over a number of years and it is a pleasure to acknowl-
edge helpful input from lan Walker of GMW, Inc., Niel Munro and the
Magnex Company, and Scott Kennedy and Scott Swanson who participated in
the formative discussions about this instrument at the University of Rochestk?:
14.
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