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Nuclear-magnetic-relaxation-dispersion spectrometers
(NMRD) provide a measure of the spin-lattice relaxation
rate of a nucleus as a function of the Larmor frequency (/).
NMRD profiles contain information about the molecular
dynamics of small complexes in solution, electron relaxation
properties in paramagnetic systems (2), polymer dynamics
(3), and magnetic cross relaxation in heterogeneous systems
(4). In more complicated systems such as biological tissue,
NMRD profiles help elucidate relaxation mechanisms (5).
NMRD profiles are also tmportant for the development
of contrast agents for medical applications of diagnostic
MRI (6).

The current NMRD hardware involves cycling the mag-
netic field by changing the current in a resistive electromagnet
(7-9). Field cycling NMRD (FCNMRD) provides magnetic
field switching rates on the order of 2 MHz/ms and measures
relaxation rates up to 200 s~! with Larmor frequencies of
10 kHz to 60 MHz. The instrumental apparatus is, however,
rather elaborate and available in a limited number of labo-
ratories throughout the world.

This Communication describes the development of a pro-
totype sample-shuttle NMRD (SSNMRD) spectrometer.
Sample shuttling has previously been used in magnetic res-
onance to measure low-field spin-lattice relaxation rates with
the high sensitivity available in a large magnetic field (/0-
12) and to perform zero-field NMR and NQR with high
sensitivity by moving the sample from a high-field region to
zero field, where the Zeeman Hamiltonian vanishes and the
internal Hamiltonians dominate (73~15). The SSNMRD
spectrometer is conceptually outlined in Fig. 1 and discussed
in the legend. This spectrometer uses sample shuttling and
the axially inhomogeneous, peripheral magnetic field in the
z direction of a superconducting solenoid. A spatially ho-
mogeneous sample moves back and forth between the high-
field, homogeneous, isocenter of the magnet and a low-field,
inhomogeneous, peripheral magnetic field. When the sample
is in the inhomogeneous peripheral magnetic field the spins
relax to new equilibrium magnetizations at all field strengths
across the sample. The relaxation information is spatially
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encoded in the sampie and measured by 1D imaging when
the sample is transported back to the high-field, homoge-
neous region of the magnet. The Larmor frequency resolu-
tion of the experiment is determined by the spatial resolution
of the image.

The prototype spectrometer was built around a four-way,
solenoid-actuated valve (Automatic Switch Co., New Jersey,
Part 8340-A-1) which diverts pressure either to port A or to
port B and moves the sample either into or out of the iso-
center of the magnet, respectively. The valve is switched by
a TTL control line available from the Bruker 2T CSI (Fre-
mont, California). The timing of the sample transport and
data acquisition is conveniently programmed within the
NMR pulse sequence and the relaxation information col-
lected in a synchronized manner as shown in Fig. 2. The
valve is normally in the A position and the sample is normally
in the NMR probe in the homogeneous region of the magnet.
When the valve is actuated the sample is transported into
the peripheral field of the magnet. The sample rests for a
variable time, 7, in the peripheral field and then returns to
the isocenter of the magnet, where a profile of the magne-
tization is recorded. The “dead time” of the instrument, the
time to complete a round-trip shuttle cycle, cannot be much
longer than the T, of the sample. If the dead time is much
longer than the T',, the magnetization of the sample will be
proportional to the field strength throughout the trajectory
and nearly independent of the time 7. The nominal dead
time for the prototype SSNMRD spectrometer is one second.

The sample is contained in a glass or acrylic tube, 15 cm
long, with Teflon glides on either end. This sample tube trav-
els inside an acrylic transport tube with an i.d. slightly larger
than the o.d. of the Teflon glides (15 mm). The sample is
stopped by acrylic tubes, held in place by wooden clamps,
at positions A and B. O rings between the stopping tubes
and the transport tube provide a seal for the high pressure.
The nominal operating pressure of the device is 30 psi.

An NMR probe was constructed based on the design of
Alderman and Grant (16). The probe is 15 cm in length
and 2.6 cm in diameter and resonates at 85.5 MHz with a
Q of approximately 170. The probe provided good homo-
geneity and sensitivity for the long, cylindrical samples used
in the SSNMRD spectrometer.
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FIG. 1. The magnitude of the magnetic field measured with a gaussmeter,

along the = axis of the 2 T, 31 cm bore magnet and a schematic of the
sample-shuttle concept. The spatially homogeneous sample is moved quickly
from position A to position B. While at position B, different portions of the
sampile are in different magnetic fields and the nuciear magnetization in the
sample relaxes to new equilibrium values. In this example the proton Larmor
frequencies vary from 16 to 41 MHz continuously across the sample. The
sample remains at position B for a variable time, 7, and is moved quickly
back to position A, and a 1D image of the magnetization is immediately
obtained. The cycle is repeated with multiple values of 7 to record. with
high resolution in wg, the spin-lattice decay of magnetization as a function
of Larmor frequency from 16 to 41 MHz. Position B can be moved to
another location in the peripheral field and the relaxation rates measured
over another segment of w, values. This cycle is repeated until a complete
dispersion profile is generated with a maximum Larmor frequency dictated
by the field strength of the magnet and a minimum Larmor frequency de-
termined by the most remote placement of position B.

The NMRD profile of a 150 pMM solution of MnCl, is
shown in Fig. 3. The high-field dispersion observed is due
to modulation of the dipole-dipole interaction between the
metal electron and the water protons by rotational motion
of manganese aquo ion complex. Relaxation rates from 3 to
85 MHz were measured by stopping the sample at seven
different positions in the external magnetic field.

A sample of cross-linked bovine serum albumin (BSA)
was prepared by mixing 200 ul of a 25% glutaraldehyde so-
lution with 20 ml of a 20 wt% solution of BSA. The glutar-
aldehyde was thoroughly mixed with the protein solution at
5°C in a beaker to ensure sample homogeneity. The mixture
was poured into the sample tube and became semisolid
within two hours due to the cross-linking reactions.

Figure 4 shows the NMRD profile of cross-linked BSA
obtained from the sample-shuttle NMRD spectrometer. This
profile was obtained in a manner analogous to the MnCl,
sample except that the relaxation rates at 10 positions in the
peripheral field were recorded. The most striking feature in
this dispersion profile is the peaks present at 2.2 and 2.9
MHz. These peaks are due to the relaxation sink for proton
magnetization created by proton-nitrogen dipole-dipole
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FIG. 2. Timingdiagram of the prototype SSNMRD. Pressure is normally
applied to port A, which holds the sample in the isocenter of the magnet.
A TTL pulse from the CSI actuates the four-way valve, applying pressure
to port B and moving the sample to a desired position in the peripheral
magnetic field, where it is held for a variable time 7. When the logic signal
goes low, pressure is again applied 1o port A and the sample is transported
back to the isocenter of the magnet, where a 1 D spin-echo image is recorded.
This trajectory is completed for 32 different values of = and the dispersion
profile recorded. When relaxation rates at magnetic fields greater than 0.5
T are measured, a 180° inversion pulse is applied to the spins prior to moving
the sample to maximize the dynamic range of the experiment.

coupling when the proton energy-level splittings match the
"N energy-level splittings (/7). The *N energy-level split-
tings at low magnetic fields, particularly those involved in
amide bonds, are dominated by nuclear electric quadrupole
interactions. This feature in immobilized protein samples
has been observed many times before with field-cycling
NMRD spectrometers and recorded with high resolution to
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FIG. 3. NMRD profile of 150 uM MnCl,. The high-field dispersion of
Mn(Il} due to the rotational correlation time of the manganese aquo ion
complex is observed. This NMRD profile was recorded with the sample at
seven different positions in the peripheral magnetic field. The data at each
position were obtained in about five minutes. The 1D spin-echo image was
obtained with one acquisition per time point. a block size of 256, a spectral
width of 40 kHz, a field of view of 20 c¢m, an echo time of 10 ms, and a
recycle time of 5's. Much of the Larmor frequency resolution available by
this experiment was not utilized. The NMRD profile presented shows only
every 10th data point of the acquired NMRD profile to minimize clutter.
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FIG. 4. NMRD profile of cross-linked bovine serum albumin (BSA).
The peaks present at 2.2 and 2.9 MHz occur because the magnitude of the
proton Zeeman Hamiltonian matches the magnitude of the '*N quadrupole
coupling constant, which becomes a relaxation sink for the proton magne-
tization at these field strengths. The NMRD profile was recorded with the
sample at 10 different positions in the peripheral magnetic field. Every 10th
data point was used above 4 MHz and every 4th data point was used below
4 MHz. Other parameters are as given in the legend to Fig. 3.

observe the fine structure of the dispersion profile in this
region ( /8). The '"*N peaks seen here were recorded with the
sample at two positions in the peripheral field and acquired
in approximately 10 minutes. A field-cycling spectrometer
would take approximately four hours to measure the relax-
ation rates in this region with a Larmor frequency resolution
of 50 kHz per data point. The SSNMRD spectrometer is an
ideal machine for measuring the '*N peaks present in the
dispersion profiles of high-molecular-weight, cross-linked,
and denatured proteins.

The results presented here demonstrate both the advan-
tages and the disadvantages of the SSNMRD spectrometer.
The main advantages are its low cost and relative ease of
construction. The apparatus can be assembled in a matter
of days to fit any existing NMR spectrometer with a z-gra-
dient coil. Although not attempted in this study, it may be
possible to perform the experiment with the first-order z-
shim coil if a pulsed field gradient is not available. If the
experiment is performed in the absence of any gradients dur-
ing signal detection with small samples, the relaxation dis-
persion of individual resonances of solute molecules may be
observed. The high magnetic field homogeneity available in
superconducting magnets will allow, for instance, studies of
site-specific dynamics in small proteins.
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The main disadvantage of the prototype SSNMRD spec-
trometer is that it is not able to record proton relaxation
rates at Larmor frequencies below 1 MHz. This may be sur-
mounted by shielding the peripheral region with a large-di-
ameter (20 cm) ferromagnetic tube, concentrating the mag-
netic flux density within the walls of the tube and creating
a region of low field in the center of the tube. Another lim-
itation of the current design is the relatively long dead time.
The sample-shuttle speed can be increased by optimal choice
of pneumatic valves and shuttle tubes. We estimate that the
dead time can be reduced from | s to approximately 300
ms, allowing relaxation rates up to 20 s~! to be measured.

This device is inexpensive and easy to construct. It may
be implemented in any laboratory with NMR imaging ca-
pabilities. The sample-shuttle NMRD spectrometer will be
very useful to scientists wishing to measure NMRD profiles
without access to a field-cycling NMRD spectrometer.
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