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A DNP set-up is described where a liquid sample is hyperpolarized by the electron-nucleus

Overhauser effect in a field of 0.34 T and transferred to a field of 14.09 T for NMR detection. In

contrast to a previous set-up, using two dedicated magnets for polarization and detection, a

dedicated ferroshim system was inserted into the bore of a 14.09 T shielded cryomagnet to

provide a homogeneous low-field region in the stray field above the magnetic center. After

polarization in the low-field the sample is transferred to the high-field magnetic center within

40 ms by a pneumatic shuttle system. In our set-up a standard high-resolution inverse 1H/13C

selective probe was used for NMR detection and a homebuilt EPR cavity, operating in the TM110

mode was used for polarisation. First experimental data are presented. We observed a maximum

proton Overhauser enhancement of up to eHF = �3.7 in the high-field position for a 5 mM

4-Oxo-TEMPO-D,15N (TEMPONE)/H2O sample. While this reproduces the DNP enhancement

observed also in the old set-up, with the new set-up we observe enhancement on larger molecules

that were impossible to enhance in the old set-up. Therefore, we can demonstrate for the first

time Overhauser enhanced high resolution proton spectra of glucose and 2,2-dimethyl-2-

silapentane-5-sulfonic acid sodium salt (DSS) in D2O, where the high resolution spectrum was

acquired in the high-field position after polarizing the sample in the low-field.

1. Introduction

Dynamic nuclear polarization (DNP) is a method to increase

the nuclear magnetization of samples by a transfer of

polarization from unpaired electron spins. DNP can be useful

for increasing the sensitivity of nuclear magnetic resonance

(NMR) experiments.1–10 Due to the high gyromagnetic ratio

of the electron its Larmor frequency at B0 fields used for high

resolution NMR is on the order of several hundred GHz.

Set-ups exist where the polarization and the detection take

place in the same high static field.2,4,6,11 However, the need for

high power microwave sources and the high dielectric losses of

liquid samples in this frequency range renders these experiments

difficult. As an alternative, the sample may be polarized in a

lower field where (i) larger sample amounts and (ii) standard

EPR equipment can be used, and where (iii) a high DNP

coupling factor x can be expected for the models of inter-

molecular motion given in ref. 8 and 12

Over the last two decades, several DNP set-ups have been

described where a liquid sample was polarized in a lower

external field and afterwards transferred into a higher field

for NMR detection.1,7,13 In some of these set-ups, the sample

is polarized in a frozen state, melted, and transferred to the

NMR magnet where a high resolution NMR spectrum

is measured at room temperature.1 In the latter case, the

polarization transfer is based on the solid effect or the thermal

mixing effect being effective at low temperatures and for solid

samples only.14,15 The samples have to be frozen and thawed

up which may not be easy for many biological systems. For

liquid samples the effective DNP process is the Overhauser

effect16 that can be efficiently used to directly polarize the

nuclear spins when a small amount of a stable radical is

dissolved.8 In all these set-ups a fast sample transfer between

the polarizing field and the detection field is required to avoid

a loss of the hyperpolarisation. Fast transfer is mandatory

because at low fields the sample experiences a large relaxation

rate. Sample shuttling has been extensively used for NMR

relaxometry.17,18 The shuttle set-up allows for repetition of

the experiment and works always under near-physiological

conditions of a sample in aqueous solution.

In a previously described prototype that was developed

during the work in the Bio-DNP-EU project13 an EPR magnet

for polarisation was placed on top of the NMR magnet for

detection. Because of this construction the field at the sample

position fell to 4.5 mT during the sample transfer. As expected

and experimentally verified, proton relaxation of large molecules

is so fast at this low-field that even with a short shuttle transfer

time tsd o 200 ms any DNP enhancement obtained at 0.34 T is

partially or completely lost during the shuttle process.13 In our

novel set-up we seek to minimize the relaxation induced loss of

hyperpolarisation during the sample transfer by modifying the

field profile so that the magnetic field does not drop below

the field strength of 0.34 T at which hyperpolarisation occurs.

a Bruker BioSpin, Silberstreifen 4, D-76287 Rheinstetten, Germany.
E-mail: Frank.Engelke@bruker.de

bMax Planck Institute for Biophysical Chemistry, Am Fassberg 11,
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We achieve this by polarizing the sample in the stray field of

the 14.1 T NMR magnet, 470 mm above the high-field (HF)

position. As a result, the spins experience a monotonically

increasing static field as the sample travels from the low-field

to the high-field position.

The signal enhancement factor at low-field (LF) eLF caused

by the Overhauser effect is commonly expressed by the DNP

coupling factor x, the leakage factor f, and the saturation

factor s as8

eLF ¼ hIDNPi
hIno DNPi

¼ 1þ xfs
gS
gI

ð1Þ

where the saturation factor s describes the degree to which the

electron spin transitions are saturated. After the shuttle

process, taking the high-field Boltzmann polarization as a

reference and assuming pure dipolar coupling (i.e. x = 0.5),

the maximum enhancement factor can be written as

eHF
LF ¼

B0;EPR

B0;NMR
1þ gS

2gI

� �
ð2Þ

where B0,EPR, and B0,NMR are the static field values at the

polarization and detection position, and gS and gI are the

gyromagnetic ratios of the electron and the proton,

respectively.

To perform shuttle DNP experiments, a relatively high

technical effort is necessary, and therefore it appears worth-

while to describe our set-up in more detail. In the next chapter

all relevant spectrometer components are outlined. Special

emphasis is put on the shuttle system and on a novel compact

microwave cavity that facilitates a fast sample transfer in the

magnet bore. In chapter 3.1, we describe the experimental

optimization procedure for shuttle DNP experiments. Finally,

in chapter 3.2, we present preliminary results in which

we observe a polarization transfer to target biomolecules

dissolved in water. With our improved set-up, we observe

for the first time a hyperpolarized high resolution proton

spectrum on glucose with an enhancement factor of up to

�2.8. Such enhancements could not be observed with the

previous design with two separate magnets. Therefore, we

owe it to the here described novel set-up that we can observe

solution DNP of biomolecules.

2. DNP shuttle spectrometer

2.1 Overview

Our shuttle DNP spectrometer consists of a 14.1 T standard

bore (54 mm) shielded cryomagnet (Bruker 600 MHz US),

with an extra ferroshim system installed in the stray field at

0.34 T, 470 mm above the magnetic center (Fig. 1). The

measured field profile along the magnet axis featuring

a monotonically increasing field along the shuttle path is

illustrated in Fig. 2. For NMR detection a Bruker Avance

console and a modified high resolution NMR probe are used.

In the low-field plateau, a compact cavity resonator is installed

and tuned to the corresponding electron Larmor frequency of

n2 E 9.5 GHz. The cavity is connected to a Bruker E-Scan EPR

spectrometer that also drives additional sweep and modulation

coils being installed in the ferroshim system and in the cavity,

respectively. A cylindrical sample container can be pneumatically

moved between the cavity and the NMR probe.13

A typical timing diagram for our shuttle spectrometer is

illustrated in Fig. 3. During the polarization time tp the sample

is located in the low-field position inside the cavity and is

irradiated at the electron spin Larmor frequency. The duration

tp of the microwave irradiation is determined by the polarization

build-up time (see below). After the shuttle down time tsd the

sample arrives in the NMR probe and the signal is measured

after an additional post-shuttle delay tpsd. In our set-up, the

pneumatic shuttle system and the gate of the microwave

amplifier are triggered by the NMR console and therefore

the optimum polarization time and the pre- and post-shuttle

delays can be controlled by the pulse program. The shuttle

time depends on the applied pressure. It was found to be

tsd = 40 ms in our experiments with a pressure reading of

4 bar. In the next section, the spectrometer and its components

will be described in more detail.

2.2 The ferroshim system

The ferroshim system is composed of a ferromagnetic cylinder

inserted into the magnet bore from the top of the magnet.5

It has been optimized to compensate for the static field

gradient at a position where the stray field has a static

induction of approximately 0.34 T. With the ferroshim it is

possible to get a homogeneous region with an axial length of

10 mm. The homogeneity of the field plateau is calculated with

�1 mT. The position of the ferroshim system inside the

magnet bore can be adjusted by �5 mm in axial direction to

obtain a field plateau between 0.325–0.360 T corresponding to

electron and proton spin Larmor frequencies in the range

9.19–10.17 GHz and 13.96–15.46 MHz, respectively. The

measured field profile along the magnet axis with the installed

ferroshim system and a LF plateau at 0.34 T is shown in Fig. 2.

In addition to the ferroshim system, an additional sweep coil

(Z0) and a shim coil (Z1) are installed. The latter is driven by a

direct current sourcez and allows to further improve the field

homogeneity in the plateau by producing a gradient with a

strength of 2.82 � 0.02 mT/cm�1 A�1. With the sweep coil an

extra field of 5.24 � 0.002 mT A�1 can be superimposed to the

static field. A sweep current of approximately �1 A is applied

by the E-Scan console that results in a maximum spectral

width of 104 G (10.4 mT) over the EPR spectrum.

2.3 DNP cavity

In the bore of the ferroshim system a probe head featuring a

cylindrical cavity operating at 9.5 GHz in the TM110 mode is

installed. In this mode the microwave magnetic field BMW
1 is

oriented orthogonal to the common longitudinal axis of the

cavity and the magnet. BMW
1 shows no variation along the

axial cavity length. Hence, this mode is especially suitable for a

cylindrical sample placed concentrically inside the cavity. The

modal fields in a transverse plane of a cylindrical cavity are

shown in Fig. 4. In addition, the electric microwave field along

the longitudinal magnet axis is zero and small in the close

vicinity of the axis, as is required by the orthogonality of the

z Here we used a stand-alone Bruker BSMS shim unit connected to
the host computer.
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modal fields. In our set-up, the inner diameter of the shim

system of 40 mm restricts the available space for the cavity.

Considering a cavity body with a wall thickness of 4 mm the

maximum inner cavity diameter is 32 mm. For an empty

cylindrical cavity, the resonance frequency of the TM110 mode

is determined only by the inner diameter as

fr ¼
c0amn

pD
ð3Þ

where c0 is the speed of light, amn is the n-th zero of the m-th

order Bessel function (i.e. a11 = 3.832), and D is the inner

cavity diameter.19,20 Hence, the available diameter would

result in a resonance frequency of fr = 11.4 GHz. To tune

the cavity to the desired frequency we used a concentric PTFE

ring of appropriate inner and outer diameter (for details see

below). In addition, a quartz tube was installed coaxially

inside the cavity volume that extends through the top and

bottom plates and so allows the sample to enter the resonator

volume. The cavity was coupled to the microwave source by a

standard UT141 coaxial cable with a short stub extending into

the resonator volume. By altering the penetration depth of the

stub, critical coupling can be obtained. Moreover, to measure

an EPR signal, a modulation field Bmod parallel to the direction

of the static magnetic field is required. This field is applied by a

pair of Helmholtz coils embedded into the top and bottom

plates of the cavity body. To allow the modulation field to

enter the cavity volume the top and bottom plates were made

of Vespel with a thin sheet (thickness E 35 mm) of copper foil

that is transparent for the modulation field. Each modulation

coil has an inner diameter of 25 mm and is wound with

100 turns. The optimization of the cavity resonator was

performed in two steps, as described in the following.

Fig. 1 Overview over the shuttle DNP spectrometer. The system consists of a Bruker 600 MHz US magnet with an additional ferroshim system

installed in the stray field and that provides an additional field plateau above the high-field magnetic center (low-field position). In this plateau a

microwave cavity is installed that is tuned to the corresponding electron Larmor frequency and connected to a Bruker E-Scan EPR console. The

console is used either to measure the EPR line from a sample placed inside the cavity (for this purpose the console also controls the currents in a

sweep coil and in a modulation coil—for details see text) or to drive a microwave amplifier for microwave cw irradiation. The sample is placed

inside a shuttle container that can be pneumatically transferred between the cavity in the low-field position and a modified NMR probe at the

high-field position in the magnetic center.

5832 | Phys. Chem. Chem. Phys., 2010, 12, 5830–5840 This journal is �c the Owner Societies 2010
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Firstly, we used a radial mode matching (RMM) technique

to calculate the dimensions of the dielectric ring and to

estimate the losses due to an aqueous sample, and secondly,

the finite integration technique was employed to calculate the

characteristics of the final design. Due to the overall cylindrical

symmetry of the cavity resonator, the RMM technique can be

employed which allows an efficient calculation of the micro-

wave electromagnetic field distribution21 in cylindrical cavities.

For a cavity with an inner diameter of 32 mm and an axial

length of 20 mm we calculated the appropriate dimensions of

the dielectric ring for a target TM110 resonance frequency of

9.5 GHz. In the calculation all materials were considered as

lossless (perfect electric conductors (PEC) and real valued

permittivities). Nevertheless, the resonator Q factor can be

estimated when the dielectric losses in the sample and the

PTFE ring are considered as perturbation to the ideal field.

For the PTFE material we assumed a relative permittivity of

er = 2.08 and a loss tangent of tan d = 0.0004. Taking into

account also the quartz shuttle guide (er = 3.78, with an inner

and outer diameter of 3.5 mm and 5 mm) we chose 17 and

23 mm as the inner and outer diameter for the PTFE ring,

respectively, to obtain a TM110 resonance frequency of

9.512 GHz. The calculated overall cavity Q factor was

Q = 3188 where we considered a wall conductivity similar

Fig. 2 Measured magnetic field profile along the magnet bore of a Bruker US 600 MHz magnet where an additional ferroshim system is installed

470 mm above the magnetic center. With this shim system an extra plateau is obtained in the stray field above the magnetic center that can be

adjusted between 0.328 and 0.363 T corresponding to an electron Larmor frequency between 9.19 and 10.17 GHz.

Fig. 3 (A) Characteristic timing diagram for shuttle DNP experiments. During the polarization build-up time tp the sample is placed in the

low-field position and irradiated with a microwave field at the electron spin Larmor frequency. After the post-polarisation delay tppd and during

the shuttle down time tsd the sample is transferred to the high-field position into the NMR probe where the signal is measured after the post-shuttle

delay tpsd by the application of a detection pulse. (B) In one version of our set-up, the enhanced signal can be directly measured in the low-field

position. For this purpose, an additional NMR coil is installed inside the cavity and tuned to the low-field proton-Larmor frequency.

This journal is �c the Owner Societies 2010 Phys. Chem. Chem. Phys., 2010, 12, 5830–5840 | 5833
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to copper (s = 58 � 106 S m�1). With the same method the

influence of the shuttle container with a lossy sample can be

estimated. Modelling the shuttle container as a quartz tube

with an inner diameter of 0.75 mm filled with an aqueous

sample (tan d = 0.4936 at 9.5 GHz and T = 25 1C) we

calculated a Q factor of 2552 and a frequency of 9.498 GHz.

The dielectric constant of water was found from a first order

Debye model22

e ¼ e0 þ
e0 � e1
1þ o2t2

ð4Þ

where e0 = 78 and eN = 4 are the static and high frequency

permittivity of pure water and t = 8.84 � 10�12 s is the

relaxation time.23 Although the RMM method is useful for

fast estimation of the correct cavity dimensions and sample

induced losses, it can only be applied when an overall

cylindrical geometry is maintained.

Alternatively, numerical methods can be used when the

cylindrical symmetry is broken. In the following, we have

employed the finite integration technique (FIT) implemented

into a commercial software package (Microwave studio-CST

Darmstadt). In a first step we have added two extra plates to

enforce a specific direction for the TM110 magnetic field and a

thin additional PTFE support for the dielectric ring (Fig. 4C).

With these changes and using a dedicated Eigenmode solver,

the calculated resonance frequency of the empty cavity shifted

to fr = 9.425 GHz with an unloaded Q factor of 3090.

For comparison, the calculation was repeated with a shuttle

container and an aqueous sample as described above, where

we obtained a resonance at fr = 9.413 GHz with a Q of 2540.

Note the good agreement with the results from the RMM

method above.

Finally, we set up a simulation with a transient solver to

take into account the coupling structure and to calculate

nearby spurious modes. Two spurious modes are present in

the frequency range of interest (9–10 GHz) (Fig. S1),w where in
particular a spurious hybrid mode at 9.52 GHz is close to the

desired target frequency.

For our first experiments, it was desirable to probe the initial

enhancement factor compared to Boltzmann polarization in the

low-field position (prior to a sample transfer). Therefore an

additional RF saddle coil was arranged around the quartz

tube inside the cavity. In doing so, special care was taken to

minimize the interference between the RF coil and the micro-

wave field. In theory, interference free arrangement of the

saddle coil with respect to the microwave field is obtained

when the RF magnetic field is orthogonal to the microwave

field and when the coil wire sections that are oriented parallel

to the cavity axis are placed close to each other along the x axis

(where the electric microwave field is zero).

Fig. 4 (A + B) Magnetic and electric modal field distribution of the TM11 mode in a transversal plane of the cylindrical waveguide. The electric

field is zero along the horizontal axis whereas the magnetic field is maximum around the center (details see text). (C) Simulation model of the DNP

cavity with two plates to direct the TM110 modal field direction and the dielectric ring. (D) The same resonator geometry with the coupling

structure modelled for a numerical electromagnetic field analysis.
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In our set-up, the absorption of microwave energy by the

liquid sample limits the maximum sample diameter. From the

field calculations we found that the ratio between the sample

radius and the free space wavelength should be less than 0.01.

Here, this corresponds to a sample diameter of approximately

0.7 mm.

2.4 Sample shuttle system and NMR probe

During the sample transfer the sample container is guided

inside a metal tube that connects the quartz glass guides in the

probe and in the cavity. The motion of the shuttle is controlled

by a home built microprocessor board that drives the pneu-

matic valves. To detect the arrival of the shuttle container two

light barriers are installed at the end positions whose signals

are detected by the shuttle controller. With this system we

measured a total shuttle time of less than 50 ms for the

470 mm between the two plateaus when an air pressure of

approximately 3.5 bar is applied. To accelerate thermal sample

equilibration between the experiments a constant flow of

shuttle gas is applied around the shuttle container at both

end positions.

The NMR shuttle probe is a modified high resolution probe

(dual 1H/13C with 2H lock channel) (Fig. 5A). Inside the probe

an extension of the shuttle tube towards the lower end

facilitates the insertion of the sample into the shuttle system

without removing the probe (Fig. 1). The basic mechanical

design of the probe is equivalent to a normal 5 mm high-

resolution probe where low-susceptibility and/or susceptibility

compensated materials are used. This is especially important

for the NMR coil wire material and all other components in

close vicinity of the coil. Here the susceptibility compensation

is optimized for an operation under nitrogen atmosphere. As a

result we obtain the same spectral resolution after shimming

as for standard high resolution probes. The RF circuit

corresponds to that of a typical dual-probe with an inner

saddle coil for 1H and 13C observation, and an orthogonal

outer coil for an additional 2H lock channel (Fig. 5).

Due to the high speed of the shuttle container, special care

has to be taken to prevent mechanical vibrations of the probe

that can lead to noticeable artefacts in the spectrum. Therefore,

the shuttle system is additionally mechanically decoupled from

the probe body to minimize vibrations and to achieve the

necessary reproducibility for the shuttle DNP experiments.

To improve the sensitivity of the NMR measurement a new

shuttle container (Fig. 5B) was designed with a reduced outer

diameter in combination with a tightly wound detection coil.

The body of the container is a synthetic quartz glass tube

(Suprasil, inner diameter 0.76 mm, outer diameter 3.26 mm)

with Vespel plugs on both ends. The sample volume is sealed

by toroidal fluoropolymer joints in the end caps. An active

sample length of 12 mm (limited by the length of the detection

coil) corresponds to an active sample volume of 6 ml. The
chosen wall thickness is sufficient to withstand the mechanical

stress during the shuttle process.

3. Experimental

In order to estimate the performance of the new set-up as

compared to the old one13 we used the same sample

compositions and determined the optimal operational para-

meters for our new set-up. These include the optimal polariza-

tion time tp for a given radical concentration, the microwave

power, and the minimum post-shuttle delay tpsd. The latter is

necessary to allow a mechanical settling of the sample.

In a second step we conducted shuttle DNP experiments in

which we measured Overhauser enhanced proton spectra for

small organic molecules. While such experiments did not show

a signal enhancement with the old set-up, we now observe a

substantial signal enhancement with the new system. We

attribute this to the novel magnet set-up that reduces relaxation

losses during the sample transfer by a shorter shuttle distance

and a monotonously increasing field.

We used the nitroxide radicals 4-hydroxy-TEMPO-14N

(TEMPOL) and 4-oxo-TEMPO-D,15N (TEMPONE) as

polarizer like in the former set-up.10,13,24 Based on previous

experience we chose a polarizer concentration of 5 mM to

avoid larger relaxation losses caused by higher concentrations

between the polarization step and NMR measurement in the

low-field.25 For an accurate determination of the sample

temperature we added DSS to our samples as an internal

standard. Its chemical shift is nearly constant over a wide

range of temperatures. We used the fitting functions for the

temperature dependent chemical shift of water given in ref. 26

to calculate the sample temperature and to determine the

microwave induced sample heating.

For polarizing small organic molecules we chose ethanol,

DSS and glucose. Ethanol is easy to polarize and shows only

modest relaxation losses during shuttling. The multiplet

structure of the peaks gives first hints about the resolution

that can be expected for the enhanced proton signals. Glucose

is a larger molecule and therefore it shows larger relaxation

losses as compared to water, ethanol and DSS. Therefore it is a

crucial test for the potential of the novel spectrometer design.

3.1 Set-up of experiments

In a first set of experiments the basic functionality of the

low-field set-up was tested by measuring the amount of

hyperpolarisation in the low-field position. In these experiments

the cavity was tuned to a microwave frequency of 9.6 GHz

with the internal saddle coil tuned to the nuclear Larmor

frequency. A shuttle container with an active sample volume

of 9.8 ml (inner diameter 1 mm, active length 12.5 mm) filled

with 10 mM TEMPOL-14N/H2O, compromising three EPR

lines, was used for these experiments. The corresponding EPR

spectrum consists of three lines.

The axial position of the cavity in the ferroshim system

was fine-adjusted by optimizing the line width in the

TEMPOL-14N EPR spectrum. In a similar manner the residual

B0 inhomogeneity was compensated with an appropriate

current in the Z1 shim coil. To determine the optimal sweep

field position a microwave pulse with tp = 1 s was applied at a

frequency of 9.58 GHz with a microwave power of 1.9 W prior

to the NMR detection (Fig. 3B). The resulting NMR signal

was compared with the reference signal from a single pulse

experiment without microwave irradiation. The obtained

enhancement factor as the amplitude ratio of the hyperpolarized

signal and the reference signal is displayed in Fig. S2A.w
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With these values for tp, and PMW the maximum enhancement

factor was eLF = –15 when the sweep field was adjusted for a

microwave irradiation on one of the three hyperfine lines.

With a microwave irradiation at the center line the dependence

of the enhanced signal amplitude on the microwave pulse

power was measured (Fig. S2B).w For an available microwave

power of 9 W a maximum low-field enhancement factor of

eLF E –60 was achieved. For a single homogeneously broadened

EPR line the inverse saturation factor is proportional to the

inverse polarization power, and the enhancement for total

saturation can be estimated by extrapolation to infinite

power.12 In our case, the microwave field is irradiated only

on one TEMPOL-14N EPR line and therefore other effects

such as Heisenberg exchange or temperature effects may be

present that lead to a more subtle power dependence. For a

microwave power of PMW = 1.9 W the decay of the hyper-

polarized signal in the low-field is observed by incrementing

the variable delay tppd after the microwave pulse (Fig. S2C).w
Finally, the minimal length for the microwave pulse was

determined by subsequently increasing the polarization time

(Fig. S2D).w For a pulse length of41 s no further polarization

increase was observed.

Summarizing the results of the TEMPOL-14N low-field

experiments the optimum sample polarization is achieved

when the sweep field is set such that the microwave field is

on-resonance with one of the TEMPOL-14N hyperfine lines

within an accuracy of 1–2 G. For further experiments the

internal saddle coil was removed to improve the cavity Q

factor and to reduce distortions of the microwave field within

the sample volume.

3.2 Shuttle DNP—first results

In the following we will describe how we proceeded from

polarization of water to the polarization of larger biologically

relevant molecules like glucose. As explained in the following,

we observe in the new set-up similar enhancements for water

as we did in the old set-up. This is due to the fact that water is

a small molecule and therefore does not relax efficiently during

shuttling. Glucose, however, could not be polarized in the old

set-up. The best we ever reached was a DNP signal that was

�0.3 times the Boltzman signal. At the end of this paragraph,

Fig. 5 (A) Details of the NMR probe with the glass tube (a) to position the shuttle container in the NMR coil (b + c) in the magnetic center (h).

The connection to the transfer system is made via a conical adaptor (d) that is supported by rubber toroidal joints to attenuate mechanical

vibrations (e). The stopper (i) for the shuttle consists of an air jet that applies the pressure to shuttle the sample to the low-field position and that

provides a laminar stream of shuttle gas when the sample is in the NMR probe. An additional Z-gradient coil (g) is installed inside the probe cover

(f) for future experiments. (B) Geometry of the shuttle container where the capillary (c) is terminated with two end caps (b) and sealed with two

toroidal gaskets.

Fig. 6 Enhancement build-up curve for a sample of 5 mM

TEMPONE-D,15N, 10 mM DSS and 0.1 M EtOH in 80/20 H2O/D2O

(11 mm sample length) measured at the high-field position after a

variable polarization time tp with a fixed microwave power of 15 W.

Note that these results are analogous to the ones illustrated in Fig. S2C

where the polarization build-up time was measured in the low-field

with the additional saddle coil.
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we report that with the new set-up, relaxation can be mini-

mized such that an enhancement of �2.8 is observed.

We first set out to recapitulate the results obtained for water

in the old set-up now in the new set-up. In order to evaluate

whether the new set-up was superior we added a larger

molecule (DSS) to the solution. Molecules larger than water

could not be polarized in the old set-up. We therefore used a

5 mM TEMPONE-D,15N solution (80/20 H2O/D2O) with

5 mM DSS as standard sample with an axial length of

11 mm limited by UV-glue plugs. 15N labeled TEMPONE

has only two hyperfine lines instead of three as in unlabeled

nitroxide radicals. Due to the fact that the microwave field can

be irradiated on-resonance with only one of the hyperfine

lines, a higher saturation factor9 can be reached when using

the 15N labelled sample as compared to the 14N isotopomer.
15N labeled TEMPONE was synthesized as described in ref. 3.

In our experiments the shuttle time was tsd = 37 ms, which

is a reduction to 1/3 as compared to the old set-up.13 After

sample arrival an additional delay of tpsd = 70 ms was

necessary due to post-arrival jumps and vibrations of the

shuttle container. Upon arrival, the shuttle container was

repelled. The concomitant jumps were detected with an optical

sensor at the end position. While these jumps occurred only

for a few ms, reproducible NMR measurements were possible

only after a total delay of 70 ms. With the pressure and driving

gas (N2) currently available it is not possible to further reduce

the shuttle time significantly. In all experiments—excepting

low-field relaxation—the post polarization delay tppd was set

to 0 ms.

We used the low-field EPR line for saturation and optimized

the sweep field value by a set of short shuttle-DNP

experiments. In these experiments, the B0 field was set to the

low-field line and changed in steps of 0.4 G until maximum

enhancement was observed. For this optimization procedure a

short irradiation time of 1 s at a low microwave power of 10 W

was sufficient. In the same manner as for the low-field

experiments we recorded a field sweep over both hyperfine

lines (Fig. S3).w
As above, we used for the first shuttle experiments a 5 mM

TEMPONE-D,15N solution (80/20 H2O/D2O) with 10 mM

DSS and 0.1 M ethanol. The enhancement as a function of

polarization time is illustrated in Fig. 6. After approximately

4 s maximum enhancement is reached for water, ethanol

and DSS. The enhancement is negative implying that the

(dominating) polarization transfer is due to a dipolar coupling

to the electrons, and that the hyperpolarisation can be

preserved during the shuttle process (Fig. 7). The maximum

enhancement factors for ethanol were measured as eHF = �1.7
calculated from the ratio between the integral of the respective

signal with and without DNP. (Table 1).

We observed that for ethanol and DSS the signal enhancement

extracted from the amplitude ratio is larger as compared to the

ratio extracted from the integrals. This is due to the fact that

the reference Boltzmann spectrum was measured at ambient

temperature, while the sample temperature after DNP is

increased because of microwave heating (also see the companion

paper of this issue: Türke, et al.27). The higher sample

temperature leads to a longer transverse relaxation time of

the resonances in the DNP spectrum and therefore to larger

intensities. Thus, the enhancement measured on the integral is

lower than that measured on the amplitude. On the contrary,

the chemical shift of the water protons is temperature dependent

and the inhomogeneity of the temperature causes line

broadening of the water peak. Here, we measured temperature

gradients of up to 16 1C across the sample.

Alternatively, we can measure the DNP spectrum and the

reference spectrum at the same elevated temperature. Then the

integral of the reference spectrum will decrease leading to a

larger integral enhancement factor (eHF). At the same time, the

reference spectrum will have sharper lines leading to an

increase of the signal intensities. This reduces the enhancement

factor measured on the signal amplitude eHF
amp when DNP and

reference spectra are taken at the same temperature. Taking

the DNP enhanced and the reference spectra at the same

temperature leads to a convergence of the two methods to

quantify the enhancement (Table 2).

Furthermore, we characterized the proton T1 relaxation

under inversion recovery at high-field (Fig. S4).w
In addition, the low- and high-field spin–lattice relaxation

time T1 could be measured by varying the post-polarization

delay tppd after the microwave irradiation, and the post-shuttle

delay tpsd after the sample arrival in the high-field position

(Fig. S5).w The corresponding pulse sequence is shown in

Fig. 3A. Fig. S5A illustrates the decay of the hyperpolarized

signal towards the Boltzmann polarization in the high-field

position when varying the delay tppd while keeping the shuttle

time and the post shuttle delay tpsd constant.w Note that for

long values of tppd the initial hyperpolarized magnetization has

already decayed towards the low-field Boltzmann value before

the shuttle process. In our measurements we find after the

shuttling ca. 10% of the value typically expected for the high-

field position. We attribute this to an additional build-up of

magnetization during the shuttle motion. Without this addi-

tional build-up the polarization expected should only be 2.5%

(1/40 equal to the ratio of the static fields for EPR and NMR).

Fig. S5B in contrast shows the polarization decay when setting

tppd to zero, keeping the shuttle time constant and varying tpsd.w

Table 1 Measured enhancement factors of Fig. 7 with tp = 12 s and
the spin lattice relaxation time T1 of the low- and high-field positions
for a sample of 5 mM TEMPONE-D,15N solution (80/20 H2O/D2O)
with 10 mM DSS and 0.1 M ethanol

Region/ppm eHF TLF
1 /s THF

1 /s

4.80...4.40 H2O �3.2 1.0 1.8
3.60...3.50 CH3–CH2–OH �1.6 1.5 2.3
1.15...1.05 CH3–CH2–OH �1.8 1.6 2.4
�0.05...�0.10 DSS �1.2 0.9 1.4

Table 2 Measured enhancement factors dependent on the temperature
(TB), i.e. the temperature for the measurement of the Boltzmann signal
without DNP. Sample 5 mM TEMPONE-D,15N solution (80/20
H2O/D2O) with 10 mM DSS and 0.1 M ethanol

TB/1C 20 20 25 25 30 30 35 35
eHF eHF

amp eHF eHF
amp eHF eHF

amp eHF eHF
amp

H2O �3.2 �3.3 �3.4 �3.6
CH3–CH2–OH �1.6 �2.2 �1.6 �2.0 �1.7 �1.6 �1.8 �1.6
CH3–CH2–OH �1.8 �2.4 �1.8 �2.3 �1.9 �2.0 �2.0 �1.8
DSS �1.2 �1.7 �1.3 �1.6 �1.3 �1.3 �1.4 �1.3
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The low-field and the high-field T1 times constitute the upper

and lower limits of the relaxation rates during the shuttle

motion, with the low-field rate being larger than the high-field

rate. Since the timing after the DNP is known, the relaxation

losses can be estimated. Using this way of calculating the range

of relaxation losses, we find for water using the sum of tsd and

tpsd 7–10%, for ethanol 7–9% and for DSS 13–15%.

Encouraged by the unprecendently low relaxation losses

observed in the new set-up, we went one step further and

polarized glucose. We used a 10 mM TEMPONE-D,15N

solution in 99.8% D2O with 5 mM DSS and 0.5 M D-glucose

(Figs. 8 and 9). The water, DSS and the D-glucose protons

show a negative enhancement. We achieved an enhancement

factor in the range of eHF = �1.4 to �2.8 for the different

protons of the D-glucose (Table 3, Fig. 7). From the low-field

and high-field T1 relaxation shown in Fig. S6w we anticipate

relaxation losses for the glucose protons between 10 and 30%.

From this last measurement, we owe it to the new set-up with

short shuttle distance that relaxation can be suppressed to a

degree that we can enhance molecules considerably larger than

water. This opens the door to biomolecular enhancement in

solution by Overhauser effect based DNP.

Fig. 7 Proton spectrum of ethanol at room temperature (black) vs. the DNP enhanced spectrum (red) of 0.1 M ethanol 80/20 H2O/D2O with

5 mM TEMPONE-D,15N and 10 mM DSS solution. The reference signal was measured with a standard experiment consisting of a short p/2 deg

pulse with duration of 7.1 ms. For the DNP experiment the sample was shuttled from the high-field to the low-field position. The microwave was

irradiated for 12 s with a power of 16 W. Directly after the microwave irradiation (tppd = 0 s), the sample was shuttled to the high-field position

(ts = 40 ms) and after a settling time of tpsd = 70 ms, the detection pulse was applied. Note that in addition to the H2O proton also the proton

signals from the ethanol and the DSS reference show a negative enhancement. The shift and broadening of the water peak are caused by microwave

heating. For the selected regions, the enhancement factors determined from the integrals are given in Table 1.

Fig. 8 Boltzmann reference spectrum at 26.9 1C of D-glucopyranose in D2O with the schematic mapping of the peaks for the a and b anomers.28

The sample consisted of 0.5 M D-glucose in 99.8% D2O with 10 mM TEMPONE-D,15N and 5mM DSS.
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4. Conclusions and outlook

In conclusion we show that proton enhancements for bio-

logically relevant molecules considerably larger than water

were achieved. The fact that glucose can be enhanced shows

the qualitative difference of the new set-up as compared to the

old set-up. This is mainly due to the fact that with the new

set-up relaxation losses have been reduced by shuttling the

sample from the field that is used for DNP to the high-field

detection position without passing through an extremely

low-field region. The next step is to further improve the

experimental parameters for obtaining maximum enhancement

at low-field and to study the relevance of other pathways that

may reduce the enhancement, such as NOE between H2O and

the molecule we want to polarize. In addition, we intend to

further investigate DNP enhancement on hetero-nuclei such as

15N and 13C, which appeared very promising already with our

previous set-up. We are confident that with the new set-up

shuttle DNP with unfolded and globular proteins is within

reach.
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Fig. 9 Proton spectrum of glucose at 26.9 1C (black) vs. the DNP enhanced spectrum at 60.3 1C (red) of 0.5 M D-glucose in 99.8% D2O with

10 mM TEMPONE-D,15N and 5 mM DSS solution. The reference signal was measured with a standard experiment consisting of a short p/2 deg

pulse with a duration of 7.2 ms. For the DNP experiment the sample was shuttled from the high-field to the low-field position. After a short delay

(B2 s) to allow the sample to settle, the microwave was irradiated for 5 s with a power of 20 W. Directly after the microwave irradiation (tppd = 0 s),

the sample was shuttled to the high-field position (tsd = 40 ms) and after a settling time of tpsd = 70 ms, the detection pulse was applied. Note that

in addition to the H2O proton, also the proton signals from the glucose and the DSS reference show a negative enhancement. The shift and

broadening of the water peak are caused by microwave heating (under the described conditions a temperature increase of approximately 35 K with

a 16 K gradient can be estimated from the chemical shift of the water peak). For the selected regions, the enhancement factors determined from the

integrals eHF are given in Table 3.

Table 3 Enhancement factors as determined from the integral values of the selected signal regions in Fig. 8

Region/ppm Groups eHF

5.30...5.00 D-glycopyranose 1a �2.2
4.60...4.50 D-glycopyranose 1b �2.8
5.00...4.10 H2O �3.7
3.90...3.55 D-glycopyranose 3a + 5a + 6a + 6b �1.4
3.50...3.10 D-glycopyranose 2a + 4a + 2b + 3b + 4b + 5b �1.5
0.10...�0.30 DSS �2.0
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