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Abstract. First results from a liquid-state shuttle dynamic nuclear polarization (DNP) spectrometer
are presented. The device polarizes a water sample at 9.7 GHz and 0.34 T in a commercial Bruker
electron paramagnetic resonance (EPR) spectrometer and then transfers the sample via a homebuilt
pneumatic shuttle device into the 600 MHz and 14.09 T nuclear magnetic resonance (NMR) spectrom-
eter with a conventional NMR probe for detection. The shuttle transfer time is approximately 115
ms. Initial experiments measure the postshuttle proton magnetization compared with the Boltzmann
magnetization at 14.09 T. The DNP enhancement factor at 0.34 T is reported for the nitroxide polar-
izer TEMPOL in water solution. Reduction of the magnetization during shuttling because of relax-
ation is quantified. Optimization of this apparatus is expected to bring the NMR enhancement factor
for protons close to the theoretical enhancement maximum of —7.92.

1 Introduction

Dynamic nuclear polarization (DNP) can be used to increase the sensitivity of
nuclear magnetic resonance (NMR) detection. Recent successes of the DNP ap-
proach have been achieved in solid-state NMR as well as for a combined solid-
liquid-state experiment, where a frozen sample is polarized through the transfer
mechanisms active in solid-state and subsequently melted to measure the final
NMR spectrum in liquid-state. This last strategy, however, is applicable only to
molecules that are compatible with freezing and melting processes, as, for ex-
ample, many small molecules. As compared to the room-temperature Boltzmann
magnetization effective enhancement factors of many hundreds have been reported
for *C and "N nuclei [1-3].



302 M. Reese et al.

For biological molecules in solution, the freeze—thaw approach is not practi-
cable due to the risk of the sample denaturation. Therefore, it is desirable to be
able to transfer polarization from the electrons to the biomolecule’s protons di-
rectly in solution. The transfer mechanism active in solution is the Overhauser
effect, the utilization of which normally involves the saturation of the electron
paramagnetic resonance (EPR) signals of a polarizing agent.

When the DNP transfer is performed at the same temperature as the detec-
tion of the NMR lines, the enhancement of the nuclear polarization is determined
by gyromagnetic ratios of the electron and the nucleus, which is —658 for a
proton nucleus and —2616 for a carbon nucleus. Complete saturation of the EPR
line in aqueous solution is challenging due to the very efficient absorption of
microwaves (MW) by water and the resulting strong heating. To alleviate this
problem, optimal microwave cavities can be constructed to minimize the electric
field, which is responsible for heating, and to optimize the magnetic field at the
location of the sample. This design requires smaller sample volumes for higher
microwave frequencies. However, small sample volumes also result in a consid-
erable loss of sensitivity for NMR detection.

To compromise on the two different effects, we chose to perform DNP with
pumping at the relatively low X-band frequency at 0.34 T and subsequent shut-
tling the sample back to 14.09 T for NMR detection. Furthermore, X-band offers
the most evolved EPR instrumentation to test all possible conditions for optimiz-
ing the DNP performance at a first stage. The NMR sample shuttling has been
pioneered for relaxation measurements by Purcell and Pound [4] (see also ref. 5
and references therein, as well as refs. 6 and 7) in 1951 and for chemically in-
duced DNP by Vieth et al. [8].

DNP in liquids has been studied since the 1960s [9]. The maximum enhance-
ment factor & achievable with continuous-wave microwave irradiation is given

by [9]
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where /, and /; are the nuclear magnetization and the Boltzmann nuclear magne-
tization, respectively. Here y, and y, are the gyromagnetic ratios of the electron
and the proton [10], respectively, f is the leakage, s is the saturation and ¢& is
the coupling factor. The coupling factor £ depends on the involved relaxation
mechanisms and can achieve values in the range of —1 (pure scalar interaction)
up to +0.5 (pure dipolar interaction) depending on the effective correlation times.
The experimentally available enhancement factors for TEMPOL have been stud-
ied recently [11, 12]. As reported in ref. 12, an enhancement factor for water of
—100 or —140 was achieved at a pumping field of 0.34 T using 5 or 25 mM
5’N-16D-TEMPONE, respectively. With the DNP setup of the shuttle spectrom-
eter, as described in Sect. 2, we could measure low-field enhancement factors of
up to —60 for 5 mM TEMPOL solution in 80% H,O and 20% D,O and of up to
—130 for 25 mM '“N-16D-TEMPONE solution in 100% H,O.
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Given the maximal proton magnetization I_,,, for s =1, f=1 and £=— 0.5
(pure dipolar coupling) and using the electron and the proton Boltzmann mag-
netizations I,*™® and I;™R at 0.34 and 14.09 T, respectively, the maximum pos-
sible high-field enhancement factor g® =1_, . /I;™® is proportional to the low-
field enhancement factor €i'® and IFF®, because the maximum possible magne-
tization I, equals to /;™e&r ¥, In the considered regime the Boltzmann mag-
netizations are proportional to the field strength. Magnetization loss due to re-
laxation during the sample transfer is neglected here. The maximum magnetiza-
tion at low field, just after microwave irradiation and at the beginning of the

sample transfer, is
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Hence the maximum high-field enhancement factor is &\M® = (1—0.5|y,|/7,) %
(BEPR | BNMRY) — gEPR (BEPR / BNMR) * {Jsing the value of the maximum low-field
enhancement factor ¢:'® of —328.11 and chosen values of magnetic fields, the
maximum high-field enhancement factor £XM® becomes —7.92. Both enhancement
factors can never be achieved as, in practice, the low-field enhancement is lim-
ited by s, f and & and as the nuclear magnetization is relaxing to the equilibrium
during the sample shuttling from the low-field to the high-field magnet. For the
quantification of such relaxation losses we used the variable-field 7, relaxation
measurements of Luchinat and Parigi [13].

2 Experimental

We have implemented an X-band (9.6 GHz EPR, 114.7 MHz 'H NMR) 600 MHz
'"H NMR DNP shuttle spectrometer composed of a commercial EPR spectrom-
eter, utilizing an electron—nuclear double-resonance (ENDOR) probehead optimized
for '"H detection, mounted on a platform above the cryostat of a 600 MHz NMR
magnet. A pneumatic shuttle device connects the two spectrometers. A schematic
drawing of the shuttle spectrometer is given in Fig. 1. A photograph of the setup
in the laboratory is given in Fig. 2.

The shuttle DNP NMR spectrometer consists of three subsystems: the DNP
spectrometer, the shuttle system and the NMR detection system.

The DNP spectrometer consists of a separate permanent magnet (with B, =
0.34 T, horizontal direction), sweep coils to vary this field within a narrow range,
an ENDOR cavity (including a dielectric resonator operating in TE,,, mode at
9.6 GHz, X-band) serving to provide the microwave field and to pick up the 'H
NMR signal at 14.7 MHz for reference purpose, a microwave guide connected to
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1 - tube for pressurized air to operate the shuttle
2 - MW cavity (9.6 GHz) and radiofrequency (rf)
NMR coil (14.7 MHz)
3 - DNP NMR sample in a shuttle container
5 4 - permanent magnet (0.34 T, horizontal By)
5 - assembly platform on the top of the NMR magnet
6 - tube for the pneumatic driven sample shuttle
7 - entry point to the NMR probe

6 8 - room-temperature bore of the NMR cryomagnet
9 - NMR shim system
10 - NMR rf coils ("H 600 MHz, '3C 150 MHz)
11 - touchdown point for shuttle
12 - lower parts of the NMR probe

7 13 - translatable carbon fiber tube for pressurized air

to operate the shuttle and for shock transfer

8 14 - shock transfer cone
15 - dampening foam

9 16 - heavy support table

@ 17 - standard bore shielded 14.09 T NMR cryomagnet
10

Fig. 1. Schematic drawing of the shuttle system connecting both magnetic centers and its environ-
ment.

an EPR bridge and a Bruker E-scan console to operate the MW equipment, as
well as a Bruker Minispec for the low-field NMR part. The DNP system is
mounted with the center of the EPR cavity 1.525 m above the center of a regu-
lar high-field NMR magnet.

The shuttle system consists of a shuttle container housing the DNP NMR
sample, a shuttle tube with an inner diameter (i.d.) of 4.5 mm and integrated
photosensors connecting the MW cavity with the NMR probe inside the NMR
cryomagnet and a microprocessor controller with proportional pressure valves to
control the sample shuttling.

The shuttle container with an outer diameter (0.d.) of 4.1 mm and i.d. of
2.4 mm is made of a quartz glass tubing with 4.2 mm o.d. Kel-F plugs on both
sides. The container has an active volume of 60 pl for low-dielectric-loss samples
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Fig. 2. DNP NMR spectrometer hardware setup in the laboratory. a View to the complete setup of the

stacked magnets. b Top view to the EPR setup with the permanent magnet (1) and ENDOR probehead

(2). In the back there are the EPR amplifier and console, as well as the NMR Minispec console. Per-
sonal computer seen on the very right-hand side is used for controlling both consoles.

(e.g., benzene). For high-loss samples (e.g., water) it is necessary to reduce the
sample diameter because of the high losses arising in the EPR resonator. For this
reason a second tube with an i.d. of 0.9 mm and an active volume of 10 pl is
inserted into the shuttle container. The shuttle container can translate and rotate
freely in the shuttle tube.

The microprocessor shuttle controller directs the motion of the shuttle con-
tainer by controlling two proportional pressure valves for the upward and down-
ward motion. The shuttle controller is triggered by the NMR console. Accelerat-
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Fig. 3. Plot of the position of the sample z (solid line) and the T, relaxation rate R (dotted line) [13]

during the transfer from the low to the high field. The position has been measured using sixteen

photosensors as described in the text. The transfer time is referenced to zero when the sample is no
longer detected at the starting position.
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Fig. 4. a Timing diagram of the shuttle DNP experiment. The sample is shuttled up into the EPR

spectrometer, and DNP enhancement is obtained by MW irradiation at 9.7 GHz for 2 s. To avoid

relaxational losses at 0.34 T the MW is switched off 50 ms after the sample has been triggered to

leave the EPR magnet and is shuttling down to the NMR spectrometer. Subsequent to a variable de-

lay after the sample arrival a 90° (H) pulse is applied and the NMR signal is detected. b Timing
diagram of the shuttle motion.
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ing and decelerating of the shuttle container is determined by a feedback—less time
step program.

Furthermore, the controller utilizes sixteen photosensors positioned along the
whole shuttle tube length to measure and record the motion of the sample con-
tainer (Fig. 3). The photosensors are triggered when the caps of the otherwise trans-
parent sample tube interrupt the light beam. Entering and leaving of either cap gives
each one the time—position coordinate. This gives four independent time—position
measurements for a single sample passage for each sensor on the sample track. The
sensors at the ending and starting position can only be entered and not be passed.
Each of them only delivers a single time—position coordinate.

The NMR detection system consists of a 14.09 T NMR shielded cryomagnet
('H 600 MHz “UltraShield”, Bruker), a shuttle high-resolution NMR probe (se-
lective inverse 'H/"*C plus ?H lock channel), and a standard 600 MHz Bruker
Avance console.

In order to ensure that the two-magnet setup (DNP permanent magnet on the
top of the NMR cryomagnet) is a feasible hardware solution, the interaction be-
tween the two magnets has been considered in detail. Stray field measurements
and simulations were performed to determine the torque and forces between the
two magnets, before assembling the permanent magnet on the top of the NMR
magnet. For the 1.525 m distance between the two magnetic centers, the torque
and forces present no risk of damaging the cryomagnet. B, homogeneity at the
magnetic center of the NMR cryomagnet does not pose a problem. Small inho-
mogeneities resulting from the stray field of the permanent magnet can be easily
compensated by using the standard NMR shim system. We expect to achieve the
spectral resolution of a conventional 600 MHz NMR spectrometer, as we experi-
enced in a non-DNP version of the shuttle setup.

The shuttle spectrometer is under the control of two consoles as well as the
controller for the shuttle. Trigger signals for shuttling up and down as well as
for switching on the microwave power are derived from the NMR spectrometer
that is the master controller for the experiment. Shuttle times are in the order of
100 to 200 ms.

We performed the shuttle DNP experiment in the following way. The sample
was shuttled to the low-field position, irradiated with MW for 2 s and then
shuttled to the detection field (Fig. 4a). There, after a variable relaxation recov-
ery delay, which varied between 150 ms and 6.5 s including the shuttle-down
delay z., (Fig. 4b), the signal was recorded with a 90° pulse on the proton mag-
netization. A reference experiment without electron irradiation was also performed.

The timing diagram (Fig. 4b) indicates the time delays of the shuttle motion.
The dead times of the shuttle controller are specified as the time periods from
the up or down trigger signal to the first detected motion of the shuttle container.
The controller-up dead time (%,4) and controller-down dead time (?.,) are of the
order of 50 ms for the upward motion and 20-30 ms for the downward motion.
They are caused by a delay for complete opening of the valves after triggering,
pressure buildup in the shuttle tube, and moving the shuttle container out of the
detection range of light barriers at the end positions. As the shuttle-down pres-
sure was chosen higher than the shuttle-up pressure the dead times vary. The dead
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times have no influence on the achieved shuttle DNP enhancements. During the
shuttle-down dead time the MW irradiation is continued to avoid rapid relaxational
losses at 0.34 T. MW irradiation is switched off only after the sample has actu-
ally left the EPR magnet. Thus the shuttle-down dead time does not reduce the
efficiency of low-field DNP. The shuttle times are the durations during which the
sample container is not detected at the end positions. These durations are the shuttle-
up time (#,) and the shuttle-down time (¢,) and depend on the pressure control.
For the up-motion it amounts to ca. 500 ms, and for the quickest shuttle down-
motion to 115 ms. The shuttle-up delay (¢,,) is equal to the sum of 7., and ¢
The timing was chosen so that between the sample arrival at the top position and
MW irradiation a waiting time of about 2000 ms was achieved. The minimum delay
for shuttle-down (z,,) equals the sum of 7., and ¢,

To evaluate the effect of relaxation during shuttling, the trajectory of the
sample from the EPR magnet to the center of the NMR magnet was measured
with the help of sixteen photosensors. A typical time trace is shown in Fig. 3.
The shuttling was done with a pressure of up to 5-10° Pa and lasted 115 ms.
The field-dependent 7, values for water in a 5 mM TEMPOL solution [13] were
used to calculate the relaxation losses during the transfer of the sample from the
EPR to the NMR magnet.

3 Results and Discussion

Enhancement was measured for a 5 mM "N-TEMPOL solution (80% H,0, 20%
D,O) in the EPR magnet as well as after the shuttling at 600 MHz. We obtained
an enhancement factor of —27 in the EPR magnet after 2000 ms of irradiation
at a frequency of 9.7 GHz. We then conducted the experiment explained in
Fig. 4a. For reference we also performed the experiment in the absence of MW
irradiation. The time between the shuttle-down trigger and the application of the
90° ('H) pulse was varied from 150 ms to 6.5 s to measure the magnetization
recovery curves at 14.09 T. The signal intensity with and without microwave
irradiation was recorded. The integrals are plotted in Fig. 5.

Independently of DNP, the magnetization N"MR(7) at 14.09 T recovers back to
the Boltzmann equilibrium magnetization with a rate of approximately 0.87 s~'.
This relaxation rate for water protons in a 5 mM TEMPOL solution was deter-
mined by Luchinat and Parigi [13]. Using a rate of 0.875 s™! a monoexponential
fitting for the non-DNP relaxation measurement has been achieved. The start-
ing magnetizations in the NMR magnet are different for the experiments with
and without microwave irradiation. In the experiment without irradiation, the
magnetization starts at approximately zero at # = 150 ms and converges to the
Boltzmann equilibrium. With microwave irradiation, the magnetization has a nega-
tive sign, indicating a DNP effect. In this case the extrapolated magnetization at
t = 139 ms, just after the sample arrival, leads to a postshuttle enhancement of
&MR(; = 139 ms) = —0.41 (Fig. 5). Although DNP could be detected using a short
stabilization period of 61 ms after the sample arrival, a reliable measurement re-
quired a longer stabilization period of 111 ms at high field. Due to this delay
the enhancement factor was reduced to the measured &™R(z = 250 ms) = —0.38.
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Fig. 5. Integrals of the H,O resonance in a 5 mM TEMPOL H,0(80%)/D,0(20%) solution after shut-

tling and waiting for the given time. The plotted integrals are normalized to the fitted Boltzmann value

(dashed line) at the NMR field. All data points have been acquired following the same pulse and

timing protocols using the sample shuttling. The only difference was that the upper data points (+)

have been acquired without DNP and the lower data points (X) have been acquired with DNP. The

time axis is the time after the shuttle-down trigger signal. The fitted (solid line) and extrapolated
integrals (O) are only valid for times after the sample arrival at 1 = 139 ms.

Considering the maximum theoretical NMR and EPR enhancement factors
of —7.92 and —328.11, respectively, and using the extrapolated enhancement
factor just at the sample arrival, the effective EPR enhancement factor becomes
EEMR = gEPRNMR (1 = 139 ms)/NMR = —17 in the EPR magnet, assuming that no
magnetization was lost during the sample transfer. As the measured initial EPR
enhancement factor was —27 before the sample transfer, the value of —17 cal-
culated above indicates that about 40% of the magnetization was indeed lost dur-
ing the sample transfer.

For a better understanding of the achievable final enhancement, the effect
of relaxation during the shuttling time was simulated with the help of the field-
dependent 7, times measured for water in the presence of 5 mM TEMPOL [13]
and of the path—time diagram shown in Fig. 3. If the sample with the magne-
tization [FPR(r =0) = IF™RgF™® = JFPR(-27) in the EPR magnet could be trans-
ferred instantaneously to the NMR magnet, this would correspond to an enhance-
ment factor of "R = gEPRBEPR/BNMR — _() 65  Qur simulations indicate a re-
duction from &™R =-0.65 to —0.50 after a 115 ms shuttling event, following
the path—-time diagram in Fig. 3. As the initial DNP signal is recorded 250 ms
after the shuttling was initiated, including 24 ms dead time and 115 ms sample
transfer, and as further the relaxation occurs at 14.09 T at a measured rate of
0.875s7! for 111 ms, the enhancement factor is predicted to drop further to —0.36.
The experimentally observed enhancement factor of —0.38 is in good agreement
with this simulation result (Fig. 6).
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Fig. 6. Thick line indicates the predicted achievable postshuttle enhancement factor &"™R for water in

a 5 mM "“N-TEMPOL solution as a function of the preshuttle enhancement factor &R, It is the result

of simulating the relaxation loss of magnetization by shuttling from 0.34 to 14.09 T for a shuttle time

of 115 ms according to the path—time and relaxation rate measurements (Fig. 5). Thin line indicates

MR considering shuttling and an additional waiting time of 111 ms at 14.09 T to reach stable
mesurement conditions.

Using a 5 mM *N-16D-TEMPONE solution, a preshuttle enhancement factor
of —100 has been reached [12]. Our simulations in Fig. 6 predict that by elimi-
nating the 111 ms stabilization period and achieving the preshuttle enhancement
factor of —100, the final NMR enhancement factor &™® would be —1.92.

4 Conclusions

We built a shuttle DNP spectrometer operating at 9.7 GHz with a commercial
0.34 T EPR magnet mounted on the top of the 14.09 T cryomagnet of a 600 MHz
NMR spectrometer having a distance of 1.525 m between the EPR cavity and
the NMR detection coil. The low field of 0.34 T was chosen for DNP to maxi-
mize the volume of the sample and to minimize the heating effects during the
EPR saturation period. Experiments were performed on a 5mM TEMPOL solu-
tion in H,0/D,0. The enhancement reached in the EPR magnet was measured to
be —27. On the basis of our estimates on the coupling and saturation factors for
TEMPOL [14] and previous comparative data on TEMPOL and TEMPO [15], the
enhancement factor of —27 is presumably one third of the maximum achievable
with a 5 mM TEMPOL solution. This discrepancy is not yet understood but it
opens the perspective that higher enhancements should be achievable with fur-
ther optimization of the setup.

Shuttling was achieved in 115 ms, while additional 111 ms were required to
achieve a stable NMR signal. Due to relaxation during these periods, the enhance-
ment factor at the NMR field deteriorated from —0.41 to —0.38. Clearly, the
shuttle process should be accelerated to minimize relaxation losses during the
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travel time and the sample should arrive at the high-field magnet with almost no
kinetic energy to be able to record the signal directly after the sample has reached
the high-field NMR spectrometer. Using a 5 mM "N-16D-TEMPONE solution,
by eliminating the stabilization period and utilizing the previously achieved pre-
shuttle enhancement factor of —100 [12], the final NMR enhancement factor &™R
would become —1.92. Further improvements are possible by reducing relaxational
losses during the sample transfer by increasing the magnetic field on the transfer
track either using a dual center magnet or an auxiliary transfer field.

Note added in proof. In the meantime we have achieved enhancement of a
factor of —3.5 by further optimizing the setup as anticipated in the paper.
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