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Pulse sequence and sample formulation
optimization for dipolar order mediated 1H-13C
cross-polarization†

Stuart J. Elliott, *a Olivier Cala,a Quentin Stern,a Samuel F. Cousin,ab

Dmitry Eshchenko,c Roberto Melzi,d James G. Kempfe and Sami Jannina

We have recently demonstrated the use of contactless radiofrequency pulse sequences under

dissolution-dynamic nuclear polarization conditions as an attractive way of transferring polarization from

sensitive 1H spins to insensitive 13C spins with low peak radiofrequency pulse powers and energies via a

reservoir of dipolar order. However, many factors remain to be investigated and optimized to enable the

full potential of this polarization transfer process. We demonstrate herein the optimization of several key

factors by: (i) implementing more efficient shaped radiofrequency pulses; (ii) adapting 13C spin labelling;

and (iii) avoiding methyl group relaxation sinks. Experimental demonstrations are presented for the case

of [1-13C]sodium acetate and other relevant molecular candidates. By employing the range of

approaches set out above, polarization transfer using the dipolar order mediated cross-polarization

radiofrequency pulse sequence is improved by factors approaching B1.65 compared with previous

results. Dipolar order mediated 1H-13C polarization transfer efficiencies reaching B76% were achieved

using significantly reduced peak radiofrequency pulse powers relative to the performance of highly

sophisticated state-of-the-art cross-polarization methods, indicating 13C nuclear spin polarization levels

on the order of B32.1% after 10 minutes of 1H DNP. The approach does not require extensive pulse

sequence optimization procedures and can easily accommodate high concentrations of 13C-labelled

molecules.

1. Introduction

Conventional nuclear magnetic resonance (NMR) techniques
are limited by an intrinsic lack of sensitivity and generate weak
signals. Dissolution-dynamic nuclear polarization (dDNP) has
proven to be a widely applicable hyperpolarization method to
intensify detectable NMR signals from a number of small
molecules and materials by up to four orders of magnitude,1

with far-reaching applications in clinical research.2–4 Adequate
dDNP of dilute insensitive nuclear spins such as 13C at low

temperature is particularly slow, with low polarizations
typically accrued over extensive timescales of hours or more.5

Shortened polarization build-up times are engendered by
employing radiofrequency (rf) pulse sequences which efficiently
transfer polarization from faster polarizing nuclear spins such as 1H.6

Cross-polarization (CP) boosts 13C polarizations and shortens
build-up time constants (by a factor of up to 40) under dDNP
conditions (typ. at temperatures of B1.0–1.6 K in superfluid
helium),7–15 with a CP-DNP combination proving to be pivotal in
the transportation of highly polarized metabolites.16 The CP
method, however, is required to adhere to the strict Hart-
mann–Hahn matching condition,7 i.e. intense B1-field matching
(typ. 415 kHz) of concurrent 1H and 13C spin-locking
rf-irradiation during an optimized polarization transfer time
(typ. 41 ms). This often leads to high rf-pulse powers for low-
gamma nuclear spins and poor rf-pulse coverage of the NMR line
in the case of the strongly polarized nuclear spins, i.e. the spin-
locking performance of the high-gamma nuclear spins is strictly
limited. The requirement of high power and energy rf-pulses
risks detrimental arcing in the superfluid helium bath. This
limitation has so far prevented the use of CP for sample volumes
exceeding 500 mL, which is essential for the scaling-up of dDNP
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France
c Bruker Switzerland, Industriestrasse 26, 8117 Fällanden, Switzerland
d Bruker Italia Srl, Viale Vincenzo Lancetti, 43, 20158 Milan, Italy
e Bruker Biospin, 15 Fortune Drive Billerica, Massachusetts, USA

† Electronic supplementary information (ESI) available. See DOI: 10.1039/
d1cp00429h

Received 29th January 2021,
Accepted 31st March 2021

DOI: 10.1039/d1cp00429h

rsc.li/pccp

PCCP

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 1

2/
3/

20
25

 1
:2

4:
22

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-8726-0635
http://crossmark.crossref.org/dialog/?doi=10.1039/d1cp00429h&domain=pdf&date_stamp=2021-04-08
http://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cp00429h
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP023015


9458 |  Phys. Chem. Chem. Phys., 2021, 23, 9457–9465 This journal is © the Owner Societies 2021

to sample volumes required for parallel hyperpolarization17 and
human imaging.2–4 A minor side-effect is the heat introduced
from the high-power rf-pulses, which in turn raises the temperature
of the helium bath, and thus affects the DNP efficiency.

Polarization transfer between heteronuclear spins in the
solid-state on static samples can alternatively be mediated in
a ‘‘contactless’’ manner by a reservoir of dipolar order (see
Fig. 1 for a representation of the dipolar order reservoir).18–28

Although rf-techniques for generating, evolving and reconverting
dipolar order are demonstrated in the literature, little use has
been documented since transfer efficiencies are dramatically
affected in the case of magic angle spinning (MAS) NMR
experiments‡. However, there is no such limitation under the
conditions of static DNP experiments at low temperatures.
Furthermore, these alternative rf-methods advantageously often
require lower power, and could therefore be more applicable for
hyperpolarizing larger sample volumes.

In a previous Paper,29 we described the dynamics of a
dipolar-order-mediated cross-polarization (dCP) rf-pulse
sequence which relied on a contactless transfer of polarization
from 1H to 13C nuclear spins hypothesized to be governed by a
dipolar order reservoir under dDNP conditions. Polarization
transfer via a bath of dipolar order was shown to perform well
with respect to the rf-pulse powers employed, but the efficiency
of the 1H-13C polarization transfer process was found to be
reduced with respect to a conventional CP approach for standard
DNP-compatible sample formulations.

In the current Paper, we present an optimization of the dCP
rf-pulse sequence for 1H to 13C polarization transfer in the
context of dDNP experiments. We outline the following
improvements: (i) extensions to shaped rf-pulses; and (ii)
exploration of diversified spin systems with favourable molecular
properties, such as stronger 1H–13C dipolar couplings and absent
CH3 group relaxation sinks. We report experimental observations
for [1-13C]sodium acetate and other suitable molecules. We show
improvements in the dCP transfer efficiency approaching factors
of up to B1.65 compared with previously reported results.29

1H-13C polarization transfer efficiencies of the dCP rf-pulse
sequence on the order of B76% were realized with respect to a

conventional and optimized CP experiment, revealing 13C
polarizations in the region of B32.1% in the frozen solid after
10 minutes of 1H DNP.

2. Methods
2.1. Molecular systems

The range of 13C-labelled molecular candidates under investigation
in this study are shown in Table 1. Molecule I is used as a
‘‘benchmark’’ molecular system for which all rf-pulse sequences
will be optimized. Molecules II and III are employed in order to
verify the following hypotheses: (i) relocating the 13C spin label to a
carbon site adjacent to the methyl group protons will result in
larger 1H–13C dipolar couplings which should strongly influence
the 1H-13C polarization transfer efficiency; and (ii) the absence of
CH3 group relaxation sinks is expected to improve the dCP transfer
efficiency, respectively.

2.2. Sample preparation and freezing

Solutions of 3 M [1-13C]sodium acetate (I), [2-13C]sodium acetate
(II) and [1-13C]sodium formate (III) in the glass-forming mixture
H2O/D2O/glycerol-d8 (1/3/6 v/v/v) were doped with 50 mM
TEMPOL radical (all compounds purchased from Sigma Aldrich)
and sonicated for B10 minutes. Paramagnetic TEMPOL radicals
(nitroxides) were chosen to most efficiently polarize 1H spins
under our dDNP conditions. 100 mL volumes of each sample
were separately pipetted into a Kel-F sample cup and inserted
into a 7.05 T prototype Bruker Biospin polarizer equipped with
a specialized dDNP probe and running TopSpin 3.5 software.
The sample temperature was reduced to 1.2 K by submerging the
sample in liquid helium and reducing the pressure of the
variable temperature insert (VTI) towards B0.7 mbar.

2.3. Dynamic nuclear polarization and microwave gating

The samples were polarized by applying microwave irradiation
at fmw = 197.568 GHz (positive lobe of the microwave spectrum)
with triangular frequency modulation of amplitude Dfmw =
�120 MHz30 and rate fmod = 0.5 kHz at a power of ca. Pmw =
125 mW at the output of the microwave source and ca. Pmw = 30 mW
reaching the DNP cavity, which were optimized by using sample I
prior to commencing experiments to achieve the best possible level
of 1H polarization. Microwave gating was employed shortly before
and during dDNP polarization transfer experiments to allow the
electron spin ensemble to return to a highly polarized state, which

Fig. 1 Pictorial representations of nuclear (a) Zeeman spin order (Îz) and (b)
dipolar two-spin order (Îiz�Îjz). Black circles correspond to overpopulated
energy levels, whilst grey circles correspond to underpopulated energy
levels.

Table 1 Overview of the molecular candidates chosen for this study. Red:
13C nuclear spins

Molecular name
[1-13C]Sodium
acetate

[2-13C]Sodium
acetate

[1-13C]Sodium
formate

Shorthand notation I II III

Molecular structure

13C-Label position 1 2 1
Methyl groups Yes Yes No‡ Gerd Buntkowsky, Personal Communication.
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happens on the timescale of the longitudinal electron relaxation
time (typ. T1e = 100 ms with Pe = 99.93% under our conditions).31

Microwave gating hence provides a way to strongly attenuate
paramagnetic relaxation, and consequently the 1H and 13C T1r

relaxation time constants in the presence of spin-locking rf-fields
are extended by orders of magnitude. This allows the spin-locking
rf-pulses used to be much longer, which significantly increases the
efficiency of nuclear polarization transfer.

2.4. RF-Pulse sequences

In the current study, we used variants of the adiabatic demag-
netization/remagnetization in the rotating frame (ADRF/ARRF)
rf-pulse sequence.20–28 The ADRF/ARRF rf-pulse sequence has
been shown to possess improved dipolar order preparation and
conversion efficiencies versus the non-Zeeman polarization
transfer (NZPT) experiment proposed by Vieth and Yannoni.19

In our work, we will generally refer here to such polarization
transfer schemes as dCP for dipolar-order-mediated cross-
polarization. Fig. 2a shows this sequence adapted for our dDNP
experiments.

The dCP rf-pulse sequence operates as follows:
(i) A crusher sequence of 901 rf-pulses with alternating

phases separated by a short delay (typ. 11 ms) repeated n times
(typ. n = 50) kills residual magnetization on both rf-channels;

(ii) The microwave source becomes active for a time tDNP

during which 1H DNP builds-up;
(iii) The microwave source is deactivated and a delay of

duration tG = 0.5 s occurs before the next step, thus permitting
the electron spins to relax to their highly polarized thermal
equilibrium state;31

(iv) A preparatory 1H adiabatic half-passage (AHP) rf-pulse
creates transverse magnetization;

(v) A 1H dCP rf-pulse of amplitude oH
dCP and length tH

dCP

prepares 1H–1H dipolar order;
(vi) A 13C dCP rf-pulse of amplitude oC

dCP and length tC
dCP

presumably converts the 1H–1H dipolar order into 13C
magnetization;

(vii) The induced 13C NMR signal is detected.
Further details regarding dCP rf-pulse sequence operation

are given elsewhere.29

Fig. 2(b-i) indicates the 1H and 13C dCP rf-pulse shapes
trialled to improve the performance efficiency of the dCP
rf-pulse sequence. The amplitude odCP and duration tdCP of
the 1H and 13C dCP rf-pulse shapes were carefully optimized29

by detecting the induced NMR signal on the 13C rf-channel in
an iterative process until the intensity of the resulting 13C NMR
signals could not be improved further prior to each hetero-
nuclear polarization transfer experiment.

3. Results
3.1 Cross-polarization

The performance efficiency of the dCP rf-pulse sequence was
compared with a traditional CP experiment,7–15 which is
described in the ESI,† along with an rf-pulse sequence diagram,
all optimized parameters and the 13C polarization level PCP(13C)
achieved for each sample after a single CP contact. Experiments
employed either 5 or 600 s of direct 1H DNP at 1.2 K prior to
polarization transfer to the 13C heteronuclear spins. 13C polar-
ization levels in excess of 60% are anticipated by using a
multiple CP contact approach.9–15 The 13C polarization level
PdCP(13C) obtained as a result of using the dCP rf-pulse
sequence is calculated by scaling PCP(13C) by a factor of IdCP/
ICP, where IdCP and ICP are the integrals of the optimized dCP
and CP 13C NMR signal maxima, respectively. IdCP/ICP is
referred to as the dCP rf-pulse sequence 1H-13C nuclear
polarization transfer efficiency.

3.2. Shaped RF-pulses

For all the samples employed in this study, it was found that
the best performing 1H and 13C dCP rf-pulses (i.e. the most
efficient rf-pulses for preparing and converting 1H–1H dipolar
order) were a ramp which linearly decreases in amplitude
(Fig. 2c) and an increasing amplitude hyperbolic tangent function
(Fig. 2i), respectively. The amplitude odCP and duration tdCP of the
aforementioned 1H and 13C dCP rf-pulse shapes for the samples
used in this investigation are shown in Table 2.

The experimental 13C NMR signal intensities resulting from
the above described shaped rf-pulse parameter optimization

Fig. 2 (a) Schematic representation of the dCP rf-pulse sequence used
for preparing 1H–1H dipolar order in I–III and monitoring its conversion to
13C magnetization. The experiments used the following parameters
chosen to maximize the efficiency of the dCP rf-pulse sequence: n =
50; tG = 0.5 s; oH

AHP/2p = 27.8 kHz; tH
AHP = 175 ms. AHP = adiabatic half-

passage. AHP sweep width = 100 kHz. The p/2 crusher rf-pulses use an
empirically optimized thirteen-step phase cycle to remove residual
magnetization at the beginning of each experiment: {0, p/18, 5p/18, p/2,
4p/9, 5p/18, 8p/9, p, 10p/9, 13p/9, p/18, 5p/3, 35p/18}. The resonance
offset was placed at the centre of the 1H and 13C NMR peaks. (b–e) 1H dCP
rf-pulse shapes implemented to prepare 1H–1H dipolar order in samples
I–III. (f–i) 13C dCP rf-pulse shapes employed to convert 1H–1H dipolar
order to 13C magnetization in samples I–III. All non-square rf-pulses have
amplitudes ranging from 0%-100% (1H) or 100%-0% (13C).
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protocol for sample I are detailed in Fig. 3. For the 1H dCP
rf-pulse it was found that the linearly decreasing amplitude
ramp was a factor of B1.25 more efficient in generating 1H–1H
dipolar order than the practically simpler spin-locking 1H dCP
rf-pulse (see Fig. 3a). In the case of the 13C dCP rf-pulse, the
hyperbolic tangent shaped rf-pulse was only a factor of B1.05

more efficient in supposedly transferring 1H–1H dipolar order
to the 13C heteronuclear spin (see Fig. 3b). It was also found
that for all samples the effect of including a preparatory 1H AHP
rf-pulse within the dCP rf-pulse sequence (in place of a hard 901
rf-pulse) was to maximize the acquired 1H NMR signal
intensity, by a factor of B1.13 (Fig. 3a) in the case of sample
I, compared with the dCP rf-pulse sequence of Vieth and
Yannoni.19,29 This leads to cumulative effect whereby the
preparation efficiency of 1H–1H dipolar order is improved by
a factor of B1.41.

In comparison with a sophisticated CP approach (see Sec-
tion 3.1 and the ESI†) the integral of the optimized dCP 13C
NMR signal maximum for sample I is scaled by a factor of
B0.46 relative to the result achieved by using a high-power CP
approach (see Table 3). This indicates a solid-state 13C polar-
ization of PdCP(13C) C 19.0%. This is consistent with previous
results reported in the literature.5,15 These results demonstrate
that a dCP rf-pulse sequence containing shaped rf-pules has an
increased efficiency for creating and transferring 1H–1H
dipolar order.

3.3. Molecular modifications

Table 3 displays the 1H polarization levels P(1H), 13C nuclear
polarizations obtained after a single 1H–1H dipolar order to 13C
magnetization conversion step PdCP(13C) and 1H-13C nuclear
polarization transfer efficiencies IdCP(13C)/ICP(13C) for each
molecular candidate in our series of experiments. The value
of IdCP(13C)/ICP(13C) was determined using just 5 s of 1H DNP.

All samples show a similar level of 1H polarization after 5 s
of 1H DNP, however, the 13C polarizations can significantly
differ. The 1H-13C nuclear polarization transfer efficiencies
follow a similar trend. It is worth noting that, after 10 minutes
of 1H DNP and a sole dCP nuclear polarization transfer step,
sample II achieves an impressive 13C polarization of B32.1%
(with a conversion efficiency of B76% for the case of tDNP = 5 s).
These results indicate that although the protons within each
sample polarize to a similar extent, the 13C polarization of each
sample is dominated by the efficiency of the nuclear polarization
transfer stages in the dCP rf-pulse sequence. This trend also
appears to correlate with the nature and number of bonded 1H
nuclear spins.

Table 2 Optimized dCP rf-pulse sequence parameters, peak rf-pulse
powers PdCP and peak rf-pulse energies EdCP for the molecular derivatives
used in this work

Quantity Units

Molecules

I II III

tH
dCP ms 475 225 150
oH

dCP/2p kHz 16.9 13.5 12.2
PH

dCP W 4.25 2 0.7
EH

dCP mJ 2.02 0.45 0.11
tC
dCP ms 49 53 55
oC

dCP/2p kHz 14.6 14.6 14.6
PC

dCP W 40 40 40
EC

dCP J 1.96 2.4 2.4

Fig. 3 Normalized 13C NMR signal intensities of I as a function of the
optimized (a) 1H and (b) 13C dCP rf-pulse shapes acquired at 7.05 T
(1H nuclear Larmor frequency = 300.13 MHz, 13C nuclear Larmor
frequency = 75.47 MHz) and 1.2 K with 1 transient after 5 s of 1H DNP.
*AHP - hard 901 rf-pulse (bandwidth C 40 kHz). Exp = Exponential; Hyp
Tan = Hyperbolic Tangent. The 13C NMR signal intensities in (a) were
acquired by using the dCP rf-pulse sequence (Fig. 2a) with an increasing
amplitude hyperbolic tangent 13C dCP rf-pulse (Fig. 2i) of maximum
amplitude oC

dCP and duration tC
dCP (Table 2). The 13C NMR signal intensities

in (b) were acquired by using the dCP rf-pulse sequence (Fig. 2a) with a
linearly decreasing amplitude ramp 1H dCP rf-pulse (Fig. 2c) of maximum
amplitude oH

dCP and duration tH
dCP (Table 2).

Table 3 1H and 13C nuclear spin polarization levels P(1H) and PdCP(13C),
respectively, and dCP rf-pulse sequence 1H-13C nuclear polarization
transfer efficiencies IdCP(13C)/ICP(13C) for the molecular derivatives used
in this work

Quantity tDNP

Molecules

I II III

P(1H)/% 5 s 4.4 4.2 4.7
PdCP(13C)/% 5 s 1.4 2.7 1.6
PdCP(13C)/% 600 s 19.0 32.1 —
IdCP(13C)/ICP(13C)/% 5 s 45.8 76.0 57.2
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Table 4 indicates the proton molarities C(1H), 13C dCP
rf-pulse build-up rate constants (RC

dCP= 1/tC
dCP) and effective

dCP build-up rate constants R�dCP for the samples employed
in our experiments under dDNP conditions, where the effective
dCP build-up rate constant R�dCP is defined as:

R�dCP ¼
RC

dCP

Cð1HÞ (1)

i.e. the 13C dCP rf-pulse build-up rate constant per 1H sample
molarity.

The 13C dCP rf-pulse build-up rate constants RC
dCP were

extracted by following the presumed conversion of 1H–1H
dipolar order to 13C magnetization using the dCP rf-pulse
sequence described in Fig. 2, and the associated text, with
tDNP = 5 s. The experimental 13C polarization build-up curves
(shown in the ESI†) are well fitted with a stretched exponential
function using a build-up rate constant denoted R0dCP.
Stretched exponential build-up function: A(1-exp{�(R0dCPt)b}),
where A is a constant, R0dCP is the 13C dCP rf-pulse build-up rate
constant extracted from the above fitting procedure and b is the
breadth of the distribution of 13C dCP rf-pulse build-up rate
constants. The average 13C dCP rf-pulse build-up rate constants
RC

dCP are calculated as follows: RC
dCP = R0dCPb/G(1/b), where G(1/b)

is the gamma function.
The 13C dCP rf-pulse build-up rate constant RC

dCP for samples
without methyl groups, i.e. sample III, was found to be reduced.
However, the effective dCP build-up rate constants (R�dCP) for all
samples used in this study are in approximate agreement.

The lifetime of dipolar order for samples I and III was
measured by using the variant of the dCP rf-pulse sequence
depicted in Fig. 4a. The dCP rf-pulse sequence is repeated with
incremented values of the variable evolution delay (tEV) to
monitor the decay of dipolar order. By fitting the integrated
13C NMR signal decay as a function of the variable evolution
time (tEV) the dipolar order lifetime can be estimated.

Experimental decay curves showing the relaxation of dipolar
order are presented in Fig. 4b. The decay of dipolar order was
found to have a stretched exponential behaviour in both cases.
The experimental decays are well fitted with a stretched
exponential decay function (solid lines) using a relaxation time
constant denoted T 0zz. Stretched exponential decay function:
A exp{�(t/T 0zz)

b}, where A is a constant, T 0zz is the dipolar order

relaxation time constant extracted from the above fitting
procedure and b is the breadth of the distribution of dipolar
order relaxation time constants. The mean dipolar order
relaxation time constants Tzz are calculated as follows: Tzz =
T 0zzG(1/b)/b, where G(1/b) is the gamma function. In these cases,
the measured average lifetimes of dipolar order Tzz are: Sample
I: Tzz = 2.3 � 0.2 s; and Sample III: Tzz = 6.0 � 0.1 s.

4. Discussion
4.1. Shaped RF-pulses

In prior work,29 we investigated the spin dynamics of 1H-13C
nuclear polarization transfer by employing a dCP rf-pulse
sequence which uses sequential spin-locking 1H and 13C dCP
rf-pulses. The polarization transfer efficiency of the dCP
rf-pulse sequence was found to be reasonable with respect to
the conversion performance of a sophisticated and high-power
cross-polarization experiment given the dCP rf-pulse powers
employed. We postulated above that the dCP rf-pulse sequence
performance efficiency could be increased further by the
implementation and optimization of shaped rf-pulses.

A number of non-constant amplitude rf-pulses have previously
been reported in the literature in the context of heteronuclear
polarization transfer via a reservoir of 1H–1H dipolar order, and
examples include the ADRF/ARRF rf-pulse sequence.20–28 Such

Table 4 1H molarities C(1H), 13C dCP rf-pulse build-up rate constants
(RC

dCP= 1/tC
dCP) and effective dCP build-up rate constants R�dCP for the

samples investigated during this work (see text for details)

Quantity Units

Molecules

I II III

C(1H) M 20.07 20.07 14.07
RC

dCP � 103 ms�1 69.9 � 1.0 59.5 � 0.7 40.3 � 3.6
R�dCP � 103 M�1 ms�1 3.48 � 0.05 2.97 � 0.04 2.9 � 0.3

Fig. 4 (a) Schematic representation of the variant of the dCP rf-pulse
sequence used for preparing dipolar order and monitoring its decay. (b)
Experimental relaxation curves showing the decay of dipolar order for
samples I (black) and III (grey) acquired at 7.05 T (1H nuclear Larmor
frequency = 300.13 MHz, 13C nuclear Larmor frequency = 75.47 MHz) and
1.2 K with a single transient per data point. All signal amplitudes were
normalized to the first data point. The decay curves were fitted with a
stretched exponential decay function: A exp{(�t/T 0zz)

b}. Mean dipolar order
lifetimes (Tzz = T 0zzG(1/b)/b): Black curve: Tzz = 2.3� 0.2 s; Grey curve: Tzz =

6.0 � 0.1 s (see text for details).
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rf-pulse sequences are known to be efficient with respect to the
transfer of polarization between heteronuclear spins but are
more difficult to implement technically compared with the more
conventional dCP rf-pulse sequence.19,29

Non-constant amplitude 1H dCP rf-pulses slowly transform
transverse 1H magnetization into 1H–1H dipolar order, and
often require longer rf-pulse durations compared with spin-
locking dCP rf-pulses. Shaped rf-pulses also allow finer control
over the amplitude oH

dCP, and span a number of different
B1-field strengths, which appears more beneficial for the
preparation of 1H–1H dipolar order. As a result of the improved
dCP rf-pulse sequence adiabaticity, it is possible that proton
dipolar order is generated in larger quantities. The results
demonstrated in Fig. 3 confirm this phenomenon (1H dCP
rf-pulse durations, after optimization, are approximately one
order of magnitude longer for shaped rf-pulses compared
with spin-locking rf-pulses29) and indicate that, in suitable
circumstances, the polarization transfer performance of the
entire dCP rf-pulse sequence is most likely to be governed by
the preparation efficiency of 1H–1H dipolar order (see Fig. 3a),
since the improved shape of the 13C dCP rf-pulse has relatively
little influence on the resulting 13C NMR signal integral (see
Fig. 3b).

Furthermore, the inclusion of an adiabatic half-passage
(AHP) additionally improved the transfer efficiency of the dCP
rf-pulse sequence. AHP rf-pulses are well-known to: (i)
achieve broadband excitation which is insensitive to spatially
inhomogeneous magnetic fields (such as those present in our
dDNP apparatus);32 and (ii) prepare non-negligible quantities
of dipolar order.33 This improvement in efficiency could be due
to either the additional broadband character of the 1H AHP
rf-pulse excitation profile or the creation of surplus 1H–1H
dipolar order. We did not investigate the effects of generating
1H–1H dipolar order by using 1H AHP rf-pulses further.

4.2. 13C-Labelling strategies

Sample I is a typical molecule of choice for dDNP experiments,
due its biochemical importance and long spin–lattice relaxation
time constants in solution. Sample II has recently been
suggested as a novel lineshape polarimeter,34 and the location
of 13C spin labels has previously been explored with respect to
dDNP performances.35

There is a major improvement in the observed dCP sequence
transfer efficiency and final 13C polarization for sample II
compared with sample I (see Table 3). This is likely associated
with the fact that sample II has three directly-bound 1H nuclear
spins, whereas the 1H nuclear spins in sample I are not directly
bonded. The larger 1H–13C dipolar coupling constants likely
lead to an improved dCP rf-pulse sequence performance efficiency,
given the similar initial 1H polarizations (see Table 3).

During the 13C dCP rf-pulse, the 13C polarization build-up
rate constants RC

dCP for the samples employed in this study can
also be used to infer information regarding the key factors of the
supposed 1H–1H dipolar order to 13C magnetization conversion
process. It is worth noting that in the cases of samples I and II,
the value of RC

dCP appears to be approximately independent of

the molecular labelling position of the 13C site. This is an
unexpected result, given the increased 1H–13C dipolar coupling
constants in sample II. The 13C dCP rf-pulse build-up rate
constant for sample II is therefore longer compared with our
expectations, implying a slower than anticipated 1H–1H dipolar
order to 13C polarization transfer.

At present, we do not have a clear explanation of the above
described results. The proximity of the 13C-labelled nuclear site
of interest to the molecularly bound 1H nuclear spins, and any
resulting deleterious relaxation phenomena, may be responsible,
and as such; this result could be related to the presence of the
methyl group in samples I and II. These influences will be
described in the next section.

It is of interest to compare the 13C polarization accrued per
unit time for the dCP method with direct 13C DNP. After
B30 minutes of directly polarizing 13C nuclear spins, 13C
polarizations on the order of ca. B10–12% are typically
achieved.10,12 This gives a 13C polarization per unit time of
B0.33–0.4% min�1. For the dCP approach, the 13C polarization
per unit time for the case of sample II is B3.2% min�1. This
corresponds to an improvement in the level of 13C polarization
by a factor of B8.0–9.7 coupled with a three-fold acceleration of
the 13C polarization build-up rate constant, compared with the
case of direct 13C DNP. As shown in the ESI,† improved results may
also be achieved by implementing state-of-the-art and optimized
CP rf-pulse sequences. Future dDNP experiments should take
advantage of the described dCP and CP methodologies, and their
multiple-step variants,12,31 if the experimental apparatus permits
the implementation of such rf-pulse techniques.

4.3. Removal of methyl groups

The rapid rotational motion of methyl group moieties can act
as strong relaxation sinks for nearby magnetic nuclear spins.
The rotation of CH3 groups might remain active even at liquid
helium temperatures.36 As such, it is possible that the methyl
group of I can cause significant nuclear spin relaxation of
1H–1H dipolar order. In an effort to combat this detrimental
relaxation phenomenon we investigated sample III, which lacks
a methyl group moiety. Sample III is a common molecular
target in zero and ultra-low field (ZULF) NMR experiments, and
the combination of dDNP and ZULF NMR is very promising.

The dCP rf-pulse sequence is more efficient for sample III
than sample I under the same experimental conditions (see
Table 3). This is likely to again be related to both the nature and
number of the molecularly bound 1H nuclear spins. Although
sample I has three attached protons, these 1H spins are some-
what distant to the 13C-labelled nuclear site, and hence the
1H–13C dipolar couplings are relatively weak. The 1H–13C
dipolar coupling in sample III is much stronger due to the
direct bonding nature of the spin constituents. The reduced
number of directly bound 1H spins in this system also possibly
explains the dCP rf-pulse sequence efficiency with respect to
that of sample II. These results, and those discussed in Section
4.2, demonstrate that the presence of multiple directly bound
1H spins, and hence the number and strength of 1H–13C dipolar
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couplings, is advantageous for improving the dCP polarization
transfer mechanism.

This result also indicates that the build-up of 1H–1H
dipolar order, and presumed subsequent conversion to 13C
magnetization, can tolerate (although with a loss of 13C NMR
signal intensity) the influence of CH3 group relaxation sinks
(possibly due to the sufficiently reduced presence of methyl
group rotation at 1.2 K). This statement is qualified by
comparing the 13C dCP rf-pulse build-up rate constant RC

dCP

for samples I and III, which is only a factor of B1.73 smaller
than for sample III given the type of different molecular
moieties near the 13C-labelled sites (see Table 4).

Although the 13C polarization for III was not recorded after
10 minutes of 1H DNP, the relatively favourable efficiency of the
dCP rf-pulse sequence for this sample indicates that PdCP(13C)
would have exceeded B20% under our experimental dDNP
conditions (see Table 3).

As demonstrated in Fig. 4b, the mean lifetime of dipolar
order Tzz for sample I is shorter than that for sample III. This
result is attributed to the presence of the methyl group of
[1-13C]sodium acetate, which acts as a relaxation sink for
dipolar order established between pairs of proton spins in
the sample. However, dipolar order lifetimes can span over
many orders of magnitude between different samples.37 This is
illustrated in Fig. 4b where dipolar order relaxation slows down
by a factor of B2.6 upon removal of the methyl moiety in
sample I.

Furthermore, the stretched mono-exponential nature of the
dipolar order decay is not fully understood but is potentially
thought to be related to interactions with nearby 1H spins in
the DNP solvent. Such protons are located at a distribution of
distances, and hence would explain why a stretched exponential
function best fits the experimental data. The presented dipolar
order lifetimes are typically shorter by 3 to 4 orders of magnitude
than those of 1H polarization (typically more than an hour)
under the same experimental conditions.38

4.4. RF-Powers and energies

The rf-power requirements for polarization transfer are dependent
upon the rf-pulse sequence used, the molecular spin system of
interest, the capabilities of the dDNP probe and potentially the
choice of application. Table 2 shows the peak rf-pulse powers PdCP

and energies EdCP required for heteronuclear polarization transfer
via the dCP rf-pulse sequence under dDNP conditions for
each molecular candidate employed in our series of experiments.
The dCP rf-pulse sequence powers and energies used were
compared to those of an optimized state-of-the-art CP experiment
for each sample (see the ESI,† for more details).7–15

In general, the peak power for the 13C dCP rf-pulse is up to
B3.8 times lower than required for CP (see Table 2). The
considerably lower peak 13C dCP rf-pulse power is exceedingly
beneficial. Not only is there a significantly reduced tendency for
detrimental rf-probe arcing incidents within the superfluid
liquid helium bath but the decreased peak rf-pulse power
requirement also ensures stable rf-pulse amplitudes at adequately
long rf-pulse durations, which is highly advantageous in the case

that the applied B1-field of the rf-probe is weak or unstable at
higher peak rf-pulse powers. Furthermore, since the total rf-energy
deposited is reduced, the temperature variation of the liquid
helium reservoir is likewise decreased, and the thermal shock
applied to the cold and rigid capacitors is much smaller, which
extends the lifetime of rf-probe circuitry, and hence rf-probe
functionality, in such a far from standard environment.

The longer durations of the shaped 1H dCP rf-pulses allow
for the implementation of reduced rf-pulse amplitudes with
respect to a conventional spin-locking rf-pulse,29 in suitable
cases, and as a result; a comparison with CP provides an
immediate benefit in terms of the deposited rf-energies. The
peak 1H rf-powers of both rf-pulse sequences are the same
order of magnitude, but the duration of the 1H dCP rf-pulse is
easily a factor of B12.6–60.0 times shorter than utilized for
sufficient CP.

Furthermore, since the CP rf-pulse sequence is only operational
under the application of simultaneous rf-pulses, and since the
peak rf-pulse powers for each rf-pulse sequence are mostly
governed by the 13C rf-pulses, the peak rf-pulse power for the
entire dCP rf-pulse sequence is significantly lower than that of CP,
which is the main rf-pulse sequence characteristic responsible for
rf-probe arcing.

Although the deposited rf-energies for shaped 1H dCP
rf-pulses are greater (due to extended 1H rf-pulse durations)
compared with conventional spin-locking rf-pulses,29 this
result is outweighed by the increased generation of 1H–1H
dipolar order and hence an improved performance efficiency
of the dCP rf-pulse sequence compared to optimized CP.

Consequently, the reduced deposited 1H and 13C peak
rf-powers required for a successful implementation of the dCP
rf-pulse sequence provide a suitable alternative polarization trans-
fer approach to CP, with the less strict optimization of the dCP
rf-pulse sequence a strong benefit for potential applications in a
clinical environment.

5. Conclusions

We have demonstrated that it is possible to improve 1H-13C
polarization transfer techniques which operate by passing
nuclear spin order through a bath of 1H–1H dipolar terms.
The increased performance of the dCP rf-pulse sequence was
achieved by adhering to the following protocols: (i) implementing
shaped rf-pulses; (ii) employing suitable 13C spin labelling
modifications; and (iii) utilizing molecular derivatives which
lack a methyl group moiety. Enhancements of 13C NMR signal
intensities were observed in all cases, with improvements
approaching factors of B1.65 compared with previously
reported results.29 The dCP rf-pulse sequence obtained
1H-13C polarization transfer efficiencies approaching B76%
compared with the performance of a high-power and energy CP
experiment. 13C polarization levels up to B32.1% were achieved
by using the dCP rf-pulse sequence after 10 minutes of 1H DNP.

The results of our experimental study indicate that 13C
nuclear spins at high concentrations can be readily polarized
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by a simple and low power rf-pulse sequence which requires
minimal rf-pulse optimization. The findings also suggest that
the dCP rf-pulse sequence requires a number of proximal 1H
spins in order to operate to a high polarization transfer
efficiency. This effect is clearly highlighted for the case of
sample II. This phenomenon is explored in more detail in a
future publication.39 These observations are encouraging for
the future usage of the dCP rf-pulse sequence, permitting
hyperpolarization experiments conducive to larger sample
volumes such as those compatible with clinical studies
performed on human patients.
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