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Abstract 
 
A strategy of dipolar order mediated nuclear spin polarization transfer has recently been combined with dissolution-dynamic 

nuclear polarization (dDNP) and improved by employing optimized shaped radiofrequency pulses and suitable molecular 

modifications. In the context of dDNP experiments, this offers a promising means of transferring polarization from high-gamma 
1H spins to insensitive 13C spins with lower peak power and lower energy compared with state-of-the-art cross-polarization 

schemes. The role of local molecular groups and the glassing matrix protonation level are both postulated to play a key role in the 

polarization transfer pathway via an intermediary reservoir of dipolar spin order. To gain appreciation of the mechanisms involved 

in the dipolar order mediated polarization transfer under dDNP conditions, we investigate herein the influence of the pivotal 

characteristics of the sample makeup: (i) revising the protonation level for the constituents of the DNP glass; and (ii) utilizing 

deuterated molecular derivatives. Experimental demonstrations are presented for the case of [1-13C]sodium acetate. We find that 

the proton sample molarity has a large impact on both the optimal parameters and the performance of the dipolar order mediated 

cross-polarization sequence, with the 13C signal build-up time drastically shortened in the case of high solvent protonation levels. 

In the case of a deuterated molecular derivative, we observe that the nearby 2H substituted methyl group is deleterious to the 
1H→13C transfer phenomenon (particularly at low levels of sample protonation). Overall, increased solvent protonation makes the 

dipolar order governed polarization transfer significantly faster and more efficient. This study sheds light on the influential sample 

formulation traits which govern the dipolar order-controlled transfer of polarization and indicates that the polarization transfer 

efficiencies of deuterated molecules can be boosted and reach high performances simply by adequate solvent protonation. 
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1. Introduction 

 

Traditional nuclear magnetic resonance (NMR) experiments 

generally engender weak signal outputs due to the low intrinsic 

sensitivity of nuclear spin ensembles. This limiting factor can 

be overcome by employing hyperpolarization methodologies 

such as dissolution-dynamic nuclear polarization (dDNP) [1]. 

This versatile technique has convincingly become a routinely 

and widely employed approach to boost the detectable 

polarization from a number of molecules, e.g., such as those of 

[1-13C]pyruvate, which is relevant to various far-reaching 

applications in clinical studies performed on human patients [2-

4], by up to four orders of magnitude. 

dDNP yields highly polarized solutions by: (i) formulating 

the dDNP sample as a glassy matrix doped with suitable 

paramagnetic polarizing agents (PAs); (ii) freezing the dDNP-

compatible sample at low-pressure liquid helium temperatures 

and moderate magnetic fields; (iii) irradiating the sample 

mixture with microwaves; (iv) dissolving the sample with a jet 

of superheated solvent; and (v) transferring the sample to a 

liquid-state NMR spectrometer for signal detection [5]. Stage 

(iii) relies on the transfer of spin polarization from highly 

polarized electron spins to the weakly polarized nuclear spins 

of interest. For dilute low-𝛾 nuclear spins at low temperatures, 

the dDNP process typically suffers from excessively long 

polarization build-up time constants DNP sometimes exceeding 

an hour [6]. 

Employing radiofrequency (rf) pulse sequences which take 

advantage of the polarization of sensitive nuclear spins such as 

protons, which polarize rapidly under dDNP conditions (typ. 1-

3 minutes build-up time constant at temperatures of ~1.0-1.6 K 

in superfluid helium) [7], can boost the rate of 13C polarization 

build-ups (by a factor of up to 40) [8-10]. One such sequence is 

cross-polarization (CP) [11-15], which efficiently transfers 1H 

polarization to 13C spins in the case that the stringent Hartmann-

Hahn matching condition [11], i.e., high B1-field matching (typ. 

> 15 kHz to cover the broad 1H NMR linewidth of a static 

sample) of simultaneously applied 1H and 13C spin-locking rf-

irradiation during an optimized contact time (typ. > 1 ms), is 

satisfied. This not only boosts dDNP but also provides a way to 

generate transportable polarized metabolites [16,17]. 

However, the high rf-pulse powers and energies required on 

the low-gamma spectrometer rf-channel often lead to 

deleterious rf-probe arcing in the superfluid helium bath. This 

detrimental experimental effect limits the scaling up of dDNP 

sample sizes and complicates the implementation of CP for 

sample volumes surpassing 500 𝜇L, which is imperative for 

enabling clinical applications using large sample doses [18]. 

In previous works [19], a dipolar order mediated cross-

polarization (dCP) rf-pulse sequence was demonstrated to 

transfer 1H polarization to 13C nuclear spins in static solid-state 

samples. The polarization transfer rf-pulse sequence operates 

via an intermediary reservoir of dipolar spin order [20-30] and 

relies on the sequential application of 1H and 13C rf-fields, 

which requires low rf-pulse powers and energies, and is 

therefore more conducive to the hyperpolarization of larger 

sample volumes under dDNP conditions. The efficiency of 
1H→13C polarization transfer was improved with respect to a 

state-of-the-art and optimized CP approach by the 

implementation of shaped rf-pulses and molecular derivatives 
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with favourable properties. However, the exact mechanism of 

the polarization transfer process for standard DNP-compatible 

sample formulations requires further elucidation. 

In the current Paper, we present the role of molecular and 

solvent protonation on the dCP polarization transfer 

mechanism. CP under dDNP conditions is usually performed on 

samples with a protonation extent of ~10-30% [6,8,19]. 

However, self-glassing dDNP-compatible samples such as 

pyruvic acid have much higher 1H concentrations [31]. It is 

therefore of interest to investigate whether 13C spins in highly 

protonated dDNP samples can also be hyperpolarized by dCP 

in an efficient manner. Furthermore, there has been recent 

interest in transferring the high levels of 1H polarization to 13C 

spins in deuterated molecules since such systems often display 

significantly longer 13C relaxation time constants in solution 

after dissolution [32]. CP experiments performed on deuterated 

molecules have been shown to work equally as well as 

compared to their protonated counterparts [32], despite slower 

transfer dynamics. It is additionally worth considering if the 
1H→13C polarization transfer works as well in the case of dCP 

for deuterated molecular systems. 

In the context of our dDNP experiments, we introduce the 

following sample formulation modifications with respect to 

conventional dDNP sample constituents: (i) increasing the 

protonation extent of the DNP solvent; and (ii) employing 

deuterated molecular candidates. We report experimental 

observations for [1-13C]sodium acetate and its methyl 

deuterated derivative for a variety of solvent protonation 

extents. The 1H sample molarity was shown to significantly 

influence the parameters and performance efficiency of the dCP 

rf-pulse sequence, e.g., the optimal 1H→13C dCP nuclear 

polarization transfer time was drastically reduced at high levels 

of solvent protonation. It was also found that deuterated 

molecular moieties reduce the efficiency of the dCP transfer 

process, with deleterious effects observed for the build-up of the 
13C NMR signal in certain cases, i.e., low extents of sample 

protonation. 

 

2. Methods 

 

2.1. Sample Preparation 

 

Table 1: 1H solvent protonation percentages hx%, 1H sample molarities [H] and 

relative proportions of H2O/D2O/glycerol-h8/glycerol-d8 used for the DNP 

solvent matrices of the samples employed in this study. 

 Samples 

I II 

hx% 10 40 70 100 10 100 

[H] / M 20.07 53.38 87.49 119.70 11.07 110.70 

H2O 1 4 4 4 1 4 

D2O 3 0 0 0 3 0 

glycerol-h8 0 0 3 6 0 6 

glycerol-d8 6 6 3 0 6 0 

 

Solutions of 3 M [1-13C]sodium acetate (I) and [1-
13C]sodium acetate-d3 (II) doped with 50 mM TEMPOL radical 

(all compounds purchased from Sigma Aldrich) were prepared 

in the glass-forming mixtures of H2O/D2O/glycerol-h8/ 

glycerol-d8 (v/v/v/v) given in Table 1. All samples were 

sonicated for ~10 minutes. Paramagnetic TEMPOL radicals 

were chosen to polarize 1H spins most efficiently under our 

dDNP conditions. 

 

2.2. Sample Freezing 

 

100 𝜇L volumes of each sample were separately pipetted 

into a Kel-F sample cup and rapidly immersed in the liquid 

helium bath of a 7.05 T prototype Bruker Biospin polarizer 

equipped with a specialized dDNP probe and running TopSpin 

3.5 software. The sample temperature was further reduced to 

1.2 K by adjusting the pressure of the variable temperature 

insert (VTI) towards ~0.7 mbar. 
 

2.3. Dynamic Nuclear Polarization 

 

The samples were polarized by applying microwave 

irradiation at fμw = 197.648 GHz (positive lobe of the DNP 

spectrum) with triangular frequency modulation of amplitude 

fμw = 120 MHz [33] and rate fmod = 0.5 kHz at a power of ca. 

100 mW at the output of the microwave source and ca. 30 mW 

reaching the DNP cavity [34] which were optimized by using 

sample I10% prior to commencing experiments to achieve the 

highest possible 1H polarization. 

 

2.4. Microwave Gating 

 

Microwave gating was employed shortly before and during 

dDNP polarization transfer experiments (see Section 2.5) to 

allow the electron spin ensemble to return to a highly polarized 

state, which happens on the timescale of the longitudinal 

electron relaxation time constant (typ. T1e = 100 ms with Pe = 

99.93% under our experimental dDNP conditions) [35]. 

Microwave gating therefore affords a means to substantially 

reduce paramagnetic relaxation, and as a result; the 1H and 13C 

relaxation time constants in the presence of an rf-field (𝑇1𝜌) are 

extended by orders of magnitude, allowing spin-locking rf-

pulses to be much longer, and ultimately significantly 

increasing the overall efficiency of nuclear spin polarization 

transfer. 

 

2.5. dCP RF-Pulse Sequence 

 

 
 

Figure 1: Schematic representation of the dCP rf-pulse sequence used for 

preparing dipolar order in samples I and II 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; tDNP = 5 s; tG = 

0.5 s; 𝜔AHP
H /2𝜋 = 27.8 kHz; 𝑡AHP

H  = 175 𝜇s; 𝜔dCP
H /2𝜋 = 16.9 kHz; 𝑡dCP

H  = 475 𝜇s; 

𝜔dCP
C /2𝜋 = 14.6 kHz. AHP = adiabatic half-passage. AHP sweep width = 100 

kHz. The 𝜋/2 saturation rf-pulses use a thirteen-step phase cycle to remove 

residual magnetization at the beginning of each experiment: {0, 𝜋/18, 5𝜋/18, 

𝜋/2, 4𝜋/9, 5𝜋/18, 8𝜋/9, 𝜋, 10𝜋/9, 13𝜋/9, 𝜋/18, 5𝜋/3, 35𝜋/18}. The resonance 

offset was placed at the centre of the 1H and 13C NMR peaks. 

 

In previous studies [19,36,37], variants of the dipolar order 

mediated cross-polarization (dCP) rf-pulse sequence which 

included shaped rf-pulses were found to have improved 
1H→13C nuclear polarization transfer efficiencies versus the 

original non-Zeeman polarization transfer (NZPT) experiment 

90•

90•

t td Δtd tt t

1
H

13
C

µw

n

time

M
ic
ro
w
a
v
e
G
a
ti
n
g

t



 

Preprint submitted to Solid State Nucl. Magn. Reson. 03/10/20 3  

proposed by Vieth and Yannoni [19,21] from which our work 

was inspired. Figure 1 shows this sequence adapted for our 

dDNP experiments. 

 

 

 
 

 

 
 
Figure 2: a) 13C polarizations normalized by 1H polarizations PdCP(

13C)/P(1H) as 

a function of the 13C dCP rf-pulse duration ∆𝑡dCP
C  acquired at 7.05 T (1H nuclear 

Larmor frequency = 300.13 MHz, 13C nuclear Larmor frequency = 75.47 MHz) 
and 1.2 K. The data presented in (a) were acquired by using the dCP rf-pulse 

sequence shown in Figure 1. Solid and dashed lines correspond to best fits of 

the filled and open data points, respectively, and have the following fitting 

function: A(1-exp{-(𝑅𝑑CP
C 𝑡)𝛽}exp{-𝑅𝑟𝑒𝑙𝑎𝑥

C t}). b) Maximum 13C polarizations 

normalized by 1H polarizations 𝑃dCP
max(13C)/P(1H) (black) and 13C dCP rf-pulse 

durations ∆𝑡dCP
C  (grey) as a function of the 1H sample molarity [H] (same 

experimental dDNP conditions as in a)). Filled symbols: Sample I; and open 

symbols: Sample II. The values for the open triangles have been adjusted (see 

the ESI for more details) to compensate for the non-plateauing behaviour of the 
13C build-up curve for sample II-h10% (shown in a)). 

 

The dCP rf-pulse sequence operates as follows: 

(i) a saturation sequence of 90° rf-pulses with alternating 

phases separated by a short delay repeated n times (typ. n = 50) 

kills residual magnetization from previous experiments 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 [35]; 

(iv) a preparatory 1H adiabatic half-passage (AHP) rf-pulse 

creates transverse 1H magnetization; 

(v) a linearly decreasing ramp 1H dCP rf-pulse of amplitude 

𝜔𝑑CP
H  and length 𝑡𝑑CP

H  prepares proton dipolar order; 

(vi) an increasing hyperbolic tangent 13C dCP rf-pulse of 

amplitude 𝜔𝑑CP
C  and length ∆𝑡𝑑CP

C  presumably converts proton 

dipolar order into 13C magnetization; 

(vii) the induced 13C NMR signal is detected. 

Further details regarding dCP rf-pulse sequence operation 

are given elsewhere [19]. 

 

3. Results 

 

3.1. Dipolar Order Mediated Cross-Polarization 

 

The build-up of 13C polarizations normalized by the 

corresponding 1H polarizations PdCP(13C)/P(1H) as a function 

the 13C dCP rf-pulse duration ∆𝑡dCP
C  was monitored by using the 

dCP rf-pulse sequence depicted in Figure 1. The dCP rf-pulse 

sequence was repeated with incremented values of the 13C dCP 

rf-pulse duration ∆𝑡𝑑CP
C , with all other rf-pulse parameters fixed. 

Experiments were performed after only 5 s of DNP to minimize 

the effects of radiation damping on the quantification of 1H 

polarization [38,39]. 

The influence of the 13C dCP rf-pulse duration ∆𝑡dCP
C  on the 

build-up of the normalized 13C polarizations for several samples 

is shown in Figure 2a. Experimental values lie between 0 (no 

transfer) and 1 (theoretical maximum). The influence of the 1H 
sample molarity on the other properties of the 1H and 13C dCP 

rf-pulses, e.g., peak rf-power, was found to be minimal. 

For samples with low 1H molarities, the normalized 13C 

polarization build-up curves plateau at long values of the 13C 

dCP rf-pulse duration (∆𝑡𝑑CP
C  > 40 ms). Samples with increased 

1H molarities, i.e., for sample protonation levels ≥ 40%, the 

normalized 13C polarization build-up curves feature maxima at 

relatively short values of the 13C dCP rf-pulse duration (∆𝑡𝑑CP
C  

< 15 ms), followed by a slowly decaying component. 

The 13C/1H polarization ratio PdCP(13C)/P(1H) allows a direct 

comparison of the dCP transfer efficiency for samples with 

proton spins which polarize to different extents. The quantity 

𝑃dCP
max(13C)/P(1H) is plotted in Figure 2b (black data points and 

axis) as the normalized 13C polarization maxima from the curves 

shown in Figure 2a as a function of the 1H sample molarity [H] 

for all the samples employed in this study. The open symbols 

correspond to samples: II-h10% (open triangle); and II-h100% 

(open square). 𝑃dCP
max(13C)/P(1H) increases with an increasing 1H 

sample molarity, until a maximum is reached at ~53 M, after 

which the polarization ratio decreases with a further increase in 

the 1H sample molarity. The methyl deuterated molecular 

derivative additionally fits this trend. 

The durations of the 13C dCP rf-pulses ∆𝑡dCP
C  at the 

normalized 13C polarization maxima for the curves presented in 

Figure 2a are shown by the grey data points and axis in Figure 

2b. The filled circles correspond to sample I for various 1H 

sample molarities [H], and these data points are connected via 

the grey line. There is a general trend, for all samples, of 

decreasing 13C dCP rf-pulse durations ∆𝑡dCP
C  with increasing 1H 

sample molarities, with a rapid decrease at relatively low 1H 

sample molarities. This curve begins to plateau at relatively 

high 1H sample molarities (exceeding ~60 M). Although the 

open symbols belong to a different molecular spin system, the 

data points still fit the overall trend. 

The build-ups of the normalized 13C polarizations were 

found to have strong stretched exponential behaviours in all 

cases. The experimental data in Figure 2a are well fitted with a 

phenomenological stretched exponential function using two 

rate constants denoted 𝑅𝑑CP
C  and 𝑅𝑟𝑒𝑙𝑎𝑥

C  responsible for the 

build-up and decay of the normalized 13C polarizations, 

respectively. Stretched exponential function: A(1-exp{-

(𝑅dCP
C 𝑡)𝛽})exp{-𝑅𝑟𝑒𝑙𝑎𝑥

C 𝑡}, where A is a fitting constant, 𝑅dCP
C =

a) 

b) 
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𝑅dCP
∗ Γ(1/𝛽)/𝛽, 𝑅dCP

∗  is the average 13C build-up rate constant, 

𝛽 is the breadth of the distribution of 13C build-up rate constants 

and Γ(1/𝛽) is the gamma function (see the Electronic 

Supporting Information (ESI) for more details). We attribute the 

average 13C build-up rate constants 𝑅𝑑CP
∗  to be ones associated 

with the generation of the normalized 13C polarizations. It 

should be noted that 𝑅𝑟𝑒𝑙𝑎𝑥
C  is an “apparent” relaxation rate 

constant. The connection between the 13C spin bath and the 

lattice is indirect, likely via the 1H spins. 

 

  
 

Figure 3: Average 13C dCP rf-pulse build-up rate constants 𝑅dCP
∗  (black) and 

breadths of the distributions of the 13C build-up rate constants 𝛽 (grey) as a 
function of the 1H sample molarity [H] acquired at 7.05 T (1H nuclear Larmor 

frequency = 300.13 MHz, 13C nuclear Larmor frequency = 75.47 MHz) and 1.2 

K. The filled symbols were fitted with a straight-line function including an 

intercept: 𝑦 = 𝑚𝑦 × [H] + 𝑎𝑦. Best fit values: y = 𝑅𝑑CP
∗ : 𝑚𝑅𝑑CP

∗  = 0.007 M-1ms-

1; 𝑎𝑅𝑑CP
∗  = 0 ms-1 (forced); y = 𝛽: 𝑚𝛽 = 0.002 M-1; 𝑎𝛽 = 0.6. Filled symbols: 

Sample I; and open symbols: Sample II. In some cases, the error bars are 

smaller than the data points. 

 

From fitting the normalized 13C polarizations as a function 

of the 13C dCP rf-pulse durations ∆𝑡𝑑CP
C , rate constants for the 

build-up and decay of the normalized 13C polarizations, namely 

𝑅dCP
∗  and 𝑅𝑟𝑒𝑙𝑎𝑥

C , respectively, and the breadths of the 

distributions of 13C build-up rate constants 𝛽, can be estimated. 

The value of the average 13C build-up rate constant 𝑅dCP
∗  for the 

experimental curves presented in Figure 2a are shown by the 

black data points and axis in Figure 3. There is an overall trend 

of a linearly increasing value of 𝑅dCP
∗  with an increasing 1H 

sample molarity [H]. The data points for the methyl deuterated 

molecular analogue also follow this trend even though the local 

molecular moiety lacks any considerable degree of protonation. 

A similar trend is observed for 𝑅𝑟𝑒𝑙𝑎𝑥
C  (see the ESI for more 

details). 

The breadths of the distributions of 13C build-up rate 

constants 𝛽 for the experimental curves presented in Figure 2a 

are shown by the grey data points and axis in Figure 3. 𝛽 

increases linearly with an increasing 1H sample molarity [H]. 

The data points for the methyl deuterated molecular candidate 

also follow this trend, with the value of 𝛽 almost identical for 

the two most highly protonated samples. 

Straight-line fits to the filled symbols presented in Figure 3 

are indicated by the solid lines. The experimental data are well 

fitted with relationships of the kind: y([H]) = my × [H] + ay; 

where y([H]) is either 𝑅𝑑CP
∗  or 𝛽, my is the slope of the straight-

line fit, [H] is the 1H sample molarity and ay is the intercept. See 

the caption of Figure 3 for best fit values. The intercept 𝑎𝛽 was 

forced to zero in the case of 𝑅𝑑CP
∗ . The experimental data points 

from the open symbols (sample II) approximately follow the 

trend of the filled symbols (sample I). 

 

3.2. Cross-Polarization 

 

The performance efficiency of the dCP rf-pulse sequence 

was compared with a traditional CP experiment [8-15], which 

is described in the ESI along with an rf-pulse sequence diagram 

and all optimized parameters. To compare the 13C polarizations 

achieved for each sample after a single CP contact with those 

obtained by implementing the dCP rf-pulse sequence with a sole 
1H→13C polarization transfer step, experiments employed 600 s 

of direct 1H DNP at 1.2 K prior to polarization transfer to the 
13C heteronucleus. The 13C polarization level PdCP(13C) obtained 

as a result of using the dCP rf-pulse sequence is calculated by 

scaling PCP(13C) (the analogous quantity for the CP experiment) 

by a factor of IdCP/ICP. 

 
Table 2: 13C nuclear spin polarization levels PdCP(

13C) and PCP(
13C) measured 

after 10 minutes of DNP for the 1H depleted and enriched samples (I and II) 
employed in this study amassed by using the dCP and CP rf-pulse sequences, 

respectively, acquired at 7.05 T (1H nuclear Larmor frequency = 300.13 MHz, 
13C nuclear Larmor frequency = 75.47 MHz) and 1.2 K. 

 Samples 

I-h10% II-h10%  I-h100%  II-h100%  

PdCP(13C) / % 19.0 15.0 14.3 12.8 

PCP(13C) / % 37.3 44.6 23.7 19.7 

 

For sample I-h10%, 13C spin polarizations of PdCP(13C) = 

19.0% and PCP(13C) = 37.3% were measured by using the dCP 

and CP rf-pulse sequences, respectively. This is reasonably 

similar to those of the methyl deuterated molecular derivative 

(sample II-h10%): PdCP(13C) = 15.0% and PCP(13C) = 44.6%. 

These results (see Table 2) are in approximate agreement with 

a previous study [32]. 13C polarization levels higher than 60% 

are anticipated by using a multiple CP contact approach [8-16]. 

In the case of the heavily protonated sample formulations, 

sample I-h100% records significantly lower 13C nuclear spin 

polarizations than sample I-h10% (see Table 2) under the same 

experimental dDNP conditions: PdCP(13C) = 14.3% and PCP(13C) 

= 23.7%. The same is also true for the methyl deuterated 

molecular analogue (samples II-h10% and II-h100%): PdCP(13C) = 

12.8% and PCP(13C) = 19.7%. It is important to indicate that a 

plateau in the 1H polarization of this sample has likely not been 

reached after 10 minutes of 1H DNP, and that the 1H spins in 

this sample are expected to continue polarizing. However, the 

plateau in 1H polarization is lower compared with samples 

which have reduced proton concentrations, and therefore the 

performances of fully protonated samples are anticipated to 

remain lower than those of their partially protonated 

counterparts (even if a 1H polarization plateau is achieved). The 
1H DNP build-up is also slower, in this case, since the sample 

of interest contains more 1H spins to polarize per electron spin. 

It is also worth noting that the contact CP rf-pulse durations 

are significantly reduced, by a factor of ~3.40 ± 0.05, when fully 

protonated DNP samples are used, compared with those of 

~10% protonation extent. For example, the optimal contact rf-

pulse duration for sample II-h10% is 9.5 ms, whilst for sample 

II-h100% the duration of the contact CP rf-pulse is 2.75 ms. These 

results also suggest that the role of DNP solvent protonation 

plays an important part regarding the dynamics of CP. 

However, the relative reduction in the 13C rf-pulse duration for 

CP is much less than in the case of dCP. 

 

4. Discussion 

 

4.1 13C Polarization Build-Up 
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The profiles of the 13C build-up curves in Figure 2a have 

remarkably different forms depending on the protonation extent 

of the DNP solvent. At low 1H sample molarities, the 13C build-

up curves increase towards an eventual plateau, whilst at high 
1H sample molarities, the 13C build-up curves peak at a 

maximum before decaying towards a reduced signal intensity 

on a longer time scale. The stretched exponential model fit 

implies that the dCP polarization transfer is governed by the 1H-
13C internuclear separation. This is ultimately responsible for 

the initial build-up and gradual decay of the experimental 

profiles presented in Figure 2a. The initial build-up components 

of the curves belonging to the higher 1H sample molarities are 

related to decreased 1H-13C internuclear separations, whilst the 

decaying components of these curves are likely attributable to 

increased dipolar relaxation between 1H and 13C spins. 

The polarization ratio 𝑃dCP
max(13C)/P(1H) reaches a maximum 

at a ~53 M proton sample molarity, where the dCP pulse 

sequence transfers ~54% of the original 1H polarization P(1H) 

to the 13C nuclear site. This result indicates that there is a 

delicate balance in the 1H solvent protonation extent, which is 

likely a trade-off between improved polarization transfer rates 

and 𝑇1𝜌 relaxation, and that a reasonable quantity of proton 

spins (~40%) are required to make the dCP rf-pulse sequence 

suitably efficient (see Figure 2b). Given that samples I-h70% and 

I-h100% achieve higher ratios of 𝑃dCP
max(13C)/P(1H) compared with 

sample I-h10%, it is apparent that increasing the 1H bath 

concentration, and consequently improving the dCP transfer 

process, outweighs the associated costs of increased proton 

induced 𝑇1𝜌 relaxation. 

 

4.2 dCP Transfer Efficiency vs. Protonation 

 

Figure 2b (grey data points and axis) shows a sharp decrease 

in the 13C dCP rf-pulse optimal duration ∆𝑡𝑑CP
C  as a function of 

the 1H sample molarity [H]. This trend indicates that the 
1H→13C polarization conversion becomes increasingly more 

efficient once the sample has a sufficient 1H solvent molarity 

(see the ESI for more details). 

At a 100% sample protonation level, i.e., a 1H sample 

molarity of ~120 M, the distances between neighbouring 1H 

nuclear spins in the DNP solvent are reduced by a factor of 

~2.15 with respect to a sample of 10% solvent protonation ([H] 

≃ 20 M), which increases the 1H-1H dipolar couplings 𝜔𝐻𝐻  by 

a factor of ~10. Such a relationship assumes that the dipolar 

couplings are proportional to the 1H sample concentration [H], 

since 𝜔𝐻𝐻 is proportional to the inverse cube of the 1H-1H 

distance, which is itself proportional to the inverse cube of the 

concentration. The same is true for the 1H-13C internuclear 

separations, and their respective dipolar couplings 𝜔𝐻𝐶 . If the 

transfer of 1H→13C polarization is governed by such dipolar 

interactions, then it is permissible that the 13C dCP rf-pulse 

duration ∆𝑡𝑑CP
C  is inversely proportional to these dipolar 

couplings. Since a precise relationship between 𝜔𝐻𝐻, 𝜔𝐻𝐶  and 

∆𝑡𝑑CP
C  is not yet known, this hypothesis can be tested by 

considering the ratio of ∆𝑡𝑑CP
C  at 10% and 100% 1H sample 

protonations, which for sample I is ~8.2. In the case of sample 

II, the ratio of ∆𝑡𝑑CP
C  at 10% and 100% 1H sample protonations 

is ~11.3. These results suggest that the methyl group moiety 

local to the 13C labelled nuclear site plays an important role in 

the transfer of polarization from 1H to 13C spins. This could be 

the reason for the reduced dCP rf-pulse sequence performance 

for sample II-h10% (see the ESI for more details). 

 

4.3 Dipolar Order in the Sample Bulk 

 

The 13C nuclear site in sample II-h10% was able to polarize 

to a reasonable degree without any attached protons (see Figure 

2a). However, there are still a non-negligible number of proton 

spins within this sample due to the protonation of the DNP juice 

used in our experiments. These results therefore suggest that 

proton dipolar order is mostly generated between 1H spins in the 

DNP sample solvent (or between the solvent and the molecule 

of interest) by the 1H dCP rf-pulse, and subsequently transferred 

from the solvent 1H spins to the 13C spins of interest via the 13C 

dCP rf-pulse. As a result, the average 13C dCP rf-pulse build-up 

rate constant 𝑅𝑑CP
∗  for sample II-h10% is likely to indicate the 

rate of 1H→13C polarization transfer mediated by proton dipolar 

order generated within the DNP matrix itself and provides a 

minimum value of 𝑅𝑑CP
∗  for potential future samples. The 

smaller average 13C dCP rf-pulse build-up rate constant 𝑅𝑑CP
∗  

for sample II-h10% compared with sample I-h10% is likely due to 

increased internuclear separations between 1H spins 

participating in the proton dipolar order within the solvent and 

the target 13C nucleus of the molecule of interest due to the 

inclusion of the deuterated methyl group. Without such an 

effect, it is unlikely that the 13C nuclear site in sample II-h10% 

would polarize as efficiently. 

In Figure 3 it was observed that the average 13C dCP rf-pulse 

build-up rate constants 𝑅dCP
C  increase linearly with the 1H 

sample molarity. The reason for this trend is likely to be similar 

to that observed for the 13C dCP rf-pulse duration ∆𝑡𝑑CP
C  with 1H 

sample molarity. At high 1H sample molarities ([H] > 100 M), 

the 13C dCP rf-pulse build-up rate 𝑅dCP
C  for sample I-h100% is a 

factor of ~1.26 greater than for sample II-h100%. At low 1H 

sample molarities ([H] ≲ 20 M), the 13C dCP rf-pulse build-up 

rate 𝑅dCP
∗  for sample I-h10% is a factor of ~9 greater than for 

sample II-h10%. This indicates that although the 1H→13C dCP 

polarization transfer mechanism is mostly operating via the 

proton spins embedded within the DNP solvent at high 1H 

molarities, given that sample II-h100% has no directly bound 1H 

spins, the local methyl moiety plays a more pivotal role in the 
1H→13C dCP transfer of polarization to the 13C nuclear spin at 

low levels of sample protonation. 

The breadths of the distributions of 13C build-up rate 

constants 𝛽 were shown to increase with an increasing 1H 

sample molarity [H], see Figure 3 (grey data points and axis). 

This indicates that as [H] increases the average 13C build-up rate 

constants 𝑅𝑑CP
∗  converge towards a sole value. The value of 𝛽 

for the 2H substituted molecular system is almost identical to 

that of its protonated counterpart at high levels of sample 

protonation. This result suggests that there is a very similar 

distribution of average 13C dCP rf-pulse build-up rates 𝑅dCP
∗  for 

both samples, which again indicates that the 1H spins within the 

DNP solvent are mostly responsible for the 1H→13C dCP 

transfer of polarization at increased levels of sample 

protonation. 

A discussion regarding effective dCP polarization transfer 

rates, i.e., the dCP polarization transfer rate per unit of proton 

spin concentration, is given in the ESI. 

 

4.4 Hyperpolarization of deuterated molecules 

 

The observed 13C polarization level (after 10 minutes of 

DNP) for sample II, i.e., the methyl deuterated molecular 

system, is lower by a factor of ~1.27 compared with that of 

sample I in the case of low levels of 1H sample molarity (see 
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Table 2). This ratio reduces to ~1.12 at high levels of 1H sample 

molarity. The results shown in Figure 3 and the ESI indicate that 

the dCP rf-pulse sequence relies on a pool of proton dipolar spin 

order which is contained between the proton spins within the 

DNP solvent. This claim is supported by considering that when 

the solvent 1H molarity is increased from 10%→100% for 

sample I, 𝑅dCP
∗  increases by a factor of ~10.3. The same 

modification in solvent protonation extent for sample II leads 

to an increase in 𝑅dCP
∗  by a factor of ~74. These results highlight 

the beneficial role of protonating the DNP solvent in the case of 

deuterated molecular systems, with the performance efficiency 

of sample II-h10% significantly improved by increasing the 

protonation level of the DNP solvent (see Table 2 and the ESI). 

However, the overall level of 13C polarization is reduced (even 

after 5 s of DNP and microwave gating) in the case of highly 

protonated samples, given the longer 1H polarization build-up 

timescales associated with these samples. 

Previous investigations regarding the overall performance 

of CP-based rf-methods on deuterated derivatives of 13C-

labelled small molecules has demonstrated that the level of 

molecular deuteration has a negligible effect on the efficiency 

of various CP approaches, since proton Zeeman order within the 

bulk of the DNP glassing matrix is employed for the 

polarization transfer process [32]. These results are clearly 

replicated for the dCP rf-pulse sequence and imply that 2H 

substituted molecules can be polarized to the nearly same extent 

as their protonated counterparts by using the dCP rf-pulse 

sequence at increased levels of sample protonation. Clearly, an 

increased level of overall sample protonation was found to have 

a positive impact on the dCP rf-pulse sequence relative to the 

performance of the CP rf-pulse sequence, which experienced a 

much more dramatic decrease in 13C polarization with 

increasing sample protonation for both protonated and 

deuterated molecular derivatives (see Table 2), although there 

is less 1H polarization available for dCP/CP transfer per unit 

DNP time. 

The 1H (and 13C) NMR linewidths were found to increase 

with an increasing 1H sample molarity, as shown in the ESI, 

which may also have consequences regarding the performances 

of the dCP and CP rf-pulse sequences. 

 

5. Conclusions 

 

We have shown the importance of molecular and solvent 

protonation on the 1H→13C transfer mechanism of nuclear spin 

polarization in the case of a dCP rf-pulse sequence which 

employs an intermediary reservoir of dipolar spin order. The 

importance of each protonated component was demonstrated by 

investigating the following sample formulation strategies: (i) 

modifying the protonation extent of the DNP solvent; and (ii) 

utilizing methyl deuterated molecular targets. The overall 1H 

sample molarity was found to have a significant influence on 

both the optimal parameters and efficiency of the dCP rf-pulse 

sequence, and in general made the approach substantially 

shorter in duration and more efficient. The absence of 1H 

nuclear spins in 2H labelled molecular moieties, e.g., methyl 

groups, proximal to the 13C sites of interest were found to be 

detrimental to the 1H→13C transfer process and decrease the 

dCP transfer rate of the 13C signal build-up at low 1H sample 

molarities. 

This investigation has provided insights into the key sample 

formulation characteristics which control the dipolar order 

mediated transfer of 1H polarization to 13C nuclear spins and 

indicates that the dCP polarization transfer efficiencies of 

deuterated molecular candidates can be improved by increasing 

the protonation of the DNP solvent matrix. The large excess of 
1H spins within the DNP glassing matrix means that 13C spins 

in a wide variety of molecular systems can be easily polarized 

by a low peak power and energy rf-pulse sequence which is 

straightforward to implement and robust with respect rf-pulse 

parameter optimization. Such molecular systems include 

deuterated molecules, dilute samples or molecules of interest 

with 13C sites at natural abundance. A raft of numerical 

simulations could be employed to elucidate the nature of the 

polarization transfer mechanism in such cases. These results are 

encouraging for the future usage of the dCP rf-pulse sequence, 

which may be advantageous for certain applications that require 

reduced peak rf-power requirements and forge a path towards 

hyperpolarization experiments compatible with increased 

sample volumes, e.g., such as those implemented in clinical 

research. 
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