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Abstract: The sensitivity of NMR spectroscopy is considerably en-
hanced by dynamic nuclear polarization (DNP). In DNP polarization is 
transferred from unpaired electrons of a polarizing agent to nearby 
proton spins. In solids, this transfer is followed by the transport of hy-
perpolarization to the bulk via 1H-1H spin diffusion. The efficiency of 
these steps is critical to obtain high sensitivity gains, but the pathways 
for polarization transfer in the region near the unpaired electron spins 
are unclear. Here we report a series of seven deuterated and one 
fluorinated TEKPol biradicals to probe the effect of deprotonation on 
MAS DNP at 9.4 T. The experimental results are interpreted with nu-
merical simulations, and our findings support that strong hyperfine 
couplings to nearby protons determine high transfer rates across the 
spin diffusion barrier to achieve short build-up times and high en-
hancements. Specifically, 1H DNP build-up times increase substan-
tially with TEKPol isotopologues that have fewer hydrogen atoms in 
the phenyl rings, suggesting that these protons play a crucial role 
transferring the polarization to the bulk. Based on this new under-
standing, we have designed a new biradical, NaphPol, which yields 
significantly increased NMR sensitivity, making it the best performing 
DNP polarizing agent in organic solvents to date. 

Introduction 

Dynamic nuclear polarization (DNP) considerably improves nu-
clear magnetic resonance (NMR) spectroscopy by providing 1-2 
orders of magnitude in signal enhancement.[1] Magic angle spin-
ning (MAS) DNP is typically performed at high magnetic fields 
(9.4-21.1 T)[2] by impregnating solids with a solution containing a 
biradical polarizing agent,[3] or by dissolving the analyte in the rad-
ical solution.[4] By far, the most successful DNP experiments to 
date are performed with nitroxide-containing biradicals[5] such as 
TEKPol,[6] AMUPol,[7] HydroPol,[8] AsymPols,[9] and TinyPols[10] 
that enable DNP via the cross effect,[11] a process involving at 
least two electron spins and one nuclear spin. Efficient DNP has 
been observed using cross-effect biradicals that possess fixed 
electron-electron g-tensor orientations and distances,[12] long 
electron relaxation times induced by rigid and bulky functional 

groups,[6, 13] balanced interelectronic couplings,[14] and open con-
formations.[8] Shorter inter-electronic distances[9a] and hybrid bi-
radicals obtained by tethering nitroxide radicals with narrow-line 
radicals such as BDPA (as in HyTEK-2)[2b, 15] or Trityl (as in 
TEMTriPol)[2c, 16] have yielded improved enhancements at fields 
above 9.4 T, and have been linked to faster DNP build-up rates.[17] 
Although the current state-of-the-art biradicals provide high 1H 
signal enhancements, the highest enhancement (ε) shown to date 
in bulk solutions at standard DNP conditions of ca. 100 K has only 
reached roughly a half of the theoretical maximum of 658, with 
HydroPol yielding ε = 330 at 9.4 T.[8] Enabling high DNP enhance-
ments while diminishing depolarization[18], quenching effects[19] 
and reducing DNP build-up times will result in higher overall sen-
sitivity gains and therefore open up hitherto unexplored applica-
tions of NMR that are sensitivity limited. Consequently, there is 
much interest in improving the design of DNP polarizing agents. 
A critical step in the rational design of optimal and diverse polar-
izing agents is the development of principles that unambiguously 
link the molecular structure of biradicals to the DNP efficiency.[20] 
To achieve this target, a fundamental understanding of the dy-
namics of the polarization transfer from the electrons to nearby 
protons, within the so-called spin diffusion barrier (ca. 1 nm radius 
from the electron), must be developed.[21] Understanding the effi-
ciency of transfer in this first step is crucial as the polarization 
generated on such nearby protons is then relayed to the bulk sam-
ple via 1H-1H spin diffusion.[22] Early on, Wolfe established contact 
of the spins within 0.3 nm of the radical with the bulk sample,[23] 
and more recently the spin diffusion barrier was studied using 
thermodynamic models,[22b] electron paramagnetic resonance 
(EPR) spectroscopy,[24] microwave-gating[25] and electron decou-
pling.[26] These observations question the nature of the nuclear 
spin diffusion barrier and the role of the protons near the electrons 
in the spin diffusion process and build-up of nuclear hyperpolari-
zation in the bulk. 
Selective deuteration of the radicals is a promising approach to 
unravel such DNP processes. For example, this strategy was 
used to link the protons involved in Overhauser effect DNP.[27] The 
effect of deuteration on cross effect biradicals was also previously 
studied, although a general relationship between deuteration and 
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DNP performance in cross-effect biradicals has not been identi-
fied so far.[20, 28] Here, we synthesized a series of seven deuter-
ated, and one fluorinated, TEKPol biradicals to study the effect of 
selective deprotonation on the DNP efficiency at 9.4 T and 

establish the pathways for polarization transfer across the spin 
diffusion barrier. 
 

Results and Discussion 

 
Figure 1. Molecular structures of the newly synthesized biradicals studied here. (A) Structures of deuterated TEKPol (-d8, -d8c, -d16, -d16c, -d20, -d32 and -d52) and 
fluorinated TEKPol (-F12) biradicals. The subscript dn or Fn indicates the number of protons that are replaced by deuterons (blue) or fluorine (purple), respectively. 
The color code indicates the deuterated and fluorinated carbons. Deprotonation levels are indicated. (B) Structure of a new biradical NaphPol. See SI for details on 
synthesis and characterization.  

Figure 1A shows the structures of the eight new TEKPol biradicals 
synthesized and studied in this work, where the positions of deu-
teration and fluorination are highlighted in blue and purple, re-
spectively. Note that there are two sets of radicals where eight 
(TEKPol-d8/-d8c) or sixteen protons (TEKPol-d16/-d16c) are re-
placed with deuterons at different positions. Detailed synthetic 
protocols are provided in the supporting information (SI). 
Figure 2 and Table S1 show the experimental 1H DNP enhance-
ments (ε) and build-up times (TB) measured with 16 mM solutions 
of the TEKPol-dn/F12 biradical in fully protonated 1,1,2,2-tetrachlo-
roethane (TCE) and 9:1 TCE-d2:TCE (hereafter referred to as 
90% TCE-d2) solutions at 100 K. In both solvent environments, 
the 1H DNP enhancements decreased with higher biradical deu-
teration levels whereas the DNP build-up times increased con-
comitantly (Figure 2B and 2C). For example, comparing TEKPol 

and TEKPol-d52 in protonated TCE, the ε and TB change from 202 
and 3.08 s, to 137 and 7.52 s, respectively, whereas in 90% TCE-
d2 the corresponding changes are from 124 and 3.1 s to 85 and 
10.2 s.  
At first glance, this observation is directly contrary to previous re-
sults with bTbK and TOTAPOL, where the enhancements were 
found to increase with deuteration and positively correlate with in-
creasing electron longitudinal (T1e) relaxation times.[28a] However, 
both bTbK and TOTAPOL contain four methyl groups close to the 
nitroxide group, which are known to reduce electron relaxation 
times and saturation factors.[6, 20, 29] Methyl groups are also known 
to act as nuclear relaxation sinks.[20, 28a] Consequently, the largest 
enhancement gains were obtained when the methyl groups were 
deuterated.[28a] Notably, Geiger et al. showed that selective deu-
teration of the methyl groups in TOTAPOL led to a factor two 
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increase in DNP enhancements. Any additional deuteration only 
led to decrease the enhancement, which was suggested to be due 
to the presence of fewer protons to “pickup” the hyperpolariza-
tion.[28b]  
 

 
Figure 2. (A) 1H→13C cross polarization (CP) MAS spectra under microwave on 
(blue) and off (orange) conditions of a solution of 16 mM TEKPol in 1,1,2,2-
tetrachloroethane (TCE); the 13C signal of the TCE solvent is observed at ca. 74 
ppm. Plots showing 1H DNP enhancements (e) and 1H DNP build-up times (TB) 
as a function of percent deprotonation of the TEKPol molecule with 16 mM so-
lutions of TEKPol-dn/-F12 in fully protonated TCE (B) and 90% TCE-d2 (C) (9:1 
TCE-d2:TCE). ε is defined as the ratio of the integrated signal intensities under 
microwave on and off conditions (Ion/Ioff). In all cases, 1H DNP enhancements 

were measured by recording 13C CPMAS spectra of the kind shown in (A) (de-
tails in SI; Tables S1 and S2). (D) Plot showing the ratio of the 1H DNP build-up 
times in 90% TCE-d2 and protonated TCE. Dotted lines in (B) and (C) show 
linear regressions and the dotted line in (D) is a guide for the eye. 

On the other hand, TEKPol is a rigid biradical that does not con-
tain any methyl groups, and in fact, the replacement of the methyl 
groups in bTbK with bulky cyclohexyl-phenyl substituents, to im-
prove the electron saturation factors, was key to the development 
of TEKPol.[6] Here Q-band electron spin relaxation times are 
probed through measurements of the inversion-recovery (Tir) and 
phase memory times (Tm) in 16 mM solutions. In the following we 
refer to these measured values as T1e and T2e, for simplicity. We 
find the Q-band electron spin relaxation times are largely un-
changed across the TEKPol series studied here, except in the 
case of TEKPol-F12 where the electron spin relaxation times are 
significantly lower in comparison to the TEKPol-dn (Figure S6, Ta-
ble S4). Based on the model proposed by Prisco et al., an in-
crease in TB corresponds to a decrease in the polarization transfer 
coefficient at the spin diffusion barrier interface (kDNP).[22a] This 
suggests that kDNP decreases with biradical deprotonation. The 
reduction in TB and the apparent increase in kDNP with TEKPol-F12 
(Table S3) is possibly caused by faster paramagnetic relaxation 
of the nearby proton spins due to its shorter electron relaxation 
times (Table S4). Overall, the decreasing kDNP with increasing 
deprotonation supports the idea that the bulk enhancements in 
these solutions are being limited by the polarization transfer effi-
ciency between protons across the spin diffusion barrier inter-
face.[22a] Therefore, our observations can be explained to occur 
likely due to two effects: (i) the reduction in the number of strongly 
hyperfine coupled protons in the vicinity of the radical, and (ii) the 
availability of fewer protons to transport the hyperpolarization 
away from the biradical. 
Comparison of the measurements in fully protonated and 90% 
TCE-d2 solutions shows that the 1H DNP enhancements decrease 
on average by ca. 25% (Figure 2, Table S1) in 90% TCE-d2; this 
observation can be explained by the near-optimal proton concen-
tration of fully protonated TCE.[30] The decrease in enhancement 
in 90% TCE-d2 is due to a reduction in spin diffusion rates in the 
bulk solvent at lower proton concentrations.[22a] On the other hand, 
TB was found to be similar for most of the radicals in protonated 
and 90% TCE-d2, except for three cases: TEKPol-F12, -d20, and -
d52 (Figure 2D). In other words, the DNP efficiency of these three 
biradicals in 90% TCE-d2 is severely limited by a slow transfer of 
polarization across the spin diffusion barrier interface, more so 
than the other biradicals. Interestingly, the only commonality be-
tween TEKPol-F12, -d20, and -d52 is that their structures are all 
deprotonated in the phenyl groups (Figure 1). This observation 
strongly suggests that the phenyl groups play a critical role in 
transporting the hyperpolarization into the bulk, which is espe-
cially visible in 90% TCE-d2, in agreement with previous predic-
tions.[31]  
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Figure 3. Plots showing (A) contribution factor (q) and (B) overall sensitivity en-
hancement (S) of 16 mM solutions of TEKPol-dn/-F12 in TCE. Details in SI (see 
Experimental and Table S2). 

To quantify the effects of depolarization and quenching on the 
overall sensitivity of the radicals studied here, we recorded quan-
titative 1H→13C cross polarization (CP) spectra to measure the 
contribution factor (θ) and overall sensitivity gains in comparison 
to the pure solvent (Figure 3; see Experimental and Table S2 in 
the SI for details).[19-20] The changes in θ observed here (Figure 
3A) cannot be explained by electron T1e[32] or by differences in 
relative g-tensor variations[33] which are both similar across the 
series of deuterated radicals here (Figures S4 and S6). It is known 
that cross effect events under microwave off conditions lead to 
depolarization, which should be propagated to the bulk similar to 
the hyperpolarization under microwave on conditions. Conse-
quently, the measured θ values are inversely correlated to the 1H 
DNP enhancements (Figure 3A). The overall sensitivity enhance-
ment (Σ), which is proportional to ε, θ and TB–1/2, is highest for the 
radicals which are minimally deprotonated (namely, TEKPol-d0, -
d8, -d8c and -F12), whereas Σ reduces sharply with increasing rad-
ical deuteration (Figure 3B). This observation clearly establishes 
that TEKPol radicals with minimal to no deuteration provide the 
best DNP efficiency. 
A closer inspection of the trends in ε, TB and θ reveal deviations 
that cannot be explained by the observations made so far, and 
which suggest that additional factors may also be at play. For ex-
ample, comparing TEKPol (ε = 202±7) with TEKPol-d8/-d8c (ε = 
165±5 and 162±5, respectively) the enhancement is reduced by 
25% while the TB are similar (Figure 2, Table S1). Also, a group 

of radicals (TEKPol-d8, -d8c, -d16, -d20 and -F12) which have similar 
enhancements of around 165 show a variation of θ from 0.37-
0.45. These variations might be due to experimental errors, but 
they could also be due to other mechanisms. The sources of the 
variations around the main trends observed and discussed above 
will be the subject of future study. 
 

 
Figure 4. (A) DFT-optimized structure of TEKPol using the single crystal X-ray 
structure as input.[6] The dipolar couplings (black) shown correspond to the larg-
est principal component of the anisotropic hyperfine coupling tensor. The pro-
tons in the linker have weak isotropic couplings (< 20 kHz) that are not shown. 
The calculated values are listed in Table S6. Comparison of calculated and ex-
perimental 1H DNP enhancements (B) and build-up times (TB) (C) in TCE for all 
the radicals shown in Figure 1. Experimental enhancements are compared with 
Ion/IBoltzmann from the calculations as suggested previously.[34] The equations cor-
responding to the best-fit lines are shown in the plots. Error bars for experi-
mental TB are small (Table S1), and are not shown for clarity. 
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Recent advances in the theoretical description of DNP processes 
and numerical simulations have furthered the understanding of 
parameters that determine DNP efficiency.[31, 33-35] To explain the 
experimental trends, we calculated the electron-nuclear hyperfine 
couplings in TEKPol using density functional theory (DFT). DFT 
shows that the electron spin density is delocalized over the cyclo-
hexyl group leading to sizeable isotropic hyperfine couplings, up 
to 2.7 MHz, far away from the nitroxide group (Figure 4A). 
Then, using the DFT-derived hyperfine couplings we calculated 
the polarization and TB under microwave on and off conditions as 
previously described by Perras et al.[34] The results are shown in 
Figure S9 and Table S7. Calculations were performed for all the 
radicals shown in Figure 1, including TEKPol-d20c and -d72 (see 
Figure S8) that were not synthesized and studied experimentally. 
With the inclusion of the hyperfine couplings from DFT into the 
calculations, we see a strong agreement between the experi-
mental and the calculated e and TB values (Figure 4B, 4C). Note 
that the experimental DNP enhancements are compared with the 
calculated polarization Ion/IBoltzmann, as suggested previously.[34] 
The trend in TB is reproduced precisely in the calculations, and 
the agreement between the predicted and experimental TB values 
can be further improved by varying the T1 of the protons nearest 
and farthest from the radical (see SI, Table S8).[34] Note that if 
hyperfine couplings are used that are evaluated based on the 
electron-nuclear distances alone,[34] relatively poor agreement is 
found, as the predicted enhancement decreases and TB increases 
much more sharply when the protons nearest to the nitroxide are 
removed than seen in experiment (Figure S9). 
We find that when the protons with the largest predicted isotropic 
hyperfine couplings are removed (in TEKPol-d20c), the predicted 
enhancements decrease and build-up times increase sharply. 
Similarly, removing the nearest protons in the cyclohexyl group 
(TEKPol-d16), which are predicted to have large anisotropic hy-
perfine couplings, also increases the build-up time sharply (Figure 
S9B). Given that these cyclohexyl protons are predicted to have 
the strongest hyperfine couplings (isotropic/anisotropic), it is not 
surprising that the phenyl groups are the preferred pathway for 
the polarization transfer, as seen in the experiments. Given that 
extensive deuteration of the linker slightly increases the build-up 
time, it is possible the polarization may be propagated to the sol-
vent via these protons to a lesser extent. 
Taken together, our findings clearly show that DNP enhance-
ments are indeed limited by electron-nuclear hyperfine couplings 
and 1H-1H spin diffusion in the vicinity of the radical. While the first 
polarization step relies on strong hyperfine couplings to the sur-
rounding protons, this polarization must be transported rapidly to 
the bulk using 1H-1H dipolar couplings. Our observations also 
highlight the importance of accurate electron-nuclear hyperfine 
couplings in DNP simulations, and that the key protons in the po-
larization transfer pathway may not always be those closest to the 
nitroxide group. 
Finally to exploit our new understanding of the preferred polariza-
tion transfer pathway in TEKPol, we designed a new biradical, 
dubbed NaphPol, in which the phenyl groups of TEKPol are re-
placed with naphthyl groups (Figure 1B). Interestingly, for 

NaphPol the 1H ε and θ increase from 202 to 249 and 0.33 to 0.38, 
respectively, in comparison to TEKPol, while the TB only in-
creases slightly, to 3.6 s. Consequently, the overall sensitivity en-
hancement (Σ) improves significantly from 265 for TEKPol to 350 
for NaphPol (Table 1), making NaphPol the best performing bi-
radical in organic solvents to date. 

Table 1. Comparison of measured DNP properties of NaphPol and TEKPol. 

Radicals 1H ε 1H TB θ Σ 

TEKPol 202 ± 7 3.1 0.33 ± 0.01 265 ± 13 

NaphPol 249 ± 4 3.6 0.38 ± 0.01 350 ± 9 

We remark that the measured electron spin relaxation times of 
NaphPol differ slightly from TEKPol (Table S5), resulting in a 
larger saturation factor for NaphPol (T1eT2e = 622 µs2) in compar-
ison to TEKPol (T1eT2e = 540 µs2), which may slightly increase TB. 
Indeed, bulky groups and higher molecular weight are known to 
increase the electronic saturation factor,[6] and should also be 
beneficial for DNP enhancements,[20] but the increase in T1eT2e is 
unlikely to fully explain the 25% increase in enhancement with 
NaphPol. For example, TEKPol2 was previously shown to have a 
50% larger T1eT2e than TEKPol, but the DNP enhancement in-
creased by only ~8%.[20] This result strongly validates the insights 
gained from the deprotonated TEKPol series and provides a new 
criterion for designing biradicals for DNP. 

Conclusions 

In summary, a series of deuterated and fluorinated TEKPol birad-
icals were synthesized and their cross-effect DNP efficiency was 
studied at 9.4 T and 100 K. The 1H DNP enhancements were 
found to decrease and build-up times were found to increase with 
increasing biradical deuteration in both protonated and 90% TCE-
d2 solvent environments. The increase in TB with biradical deuter-
ation corresponds to a decrease in kDNP, where the bulk DNP en-
hancements are limited by polarization transfer across the spin 
diffusion barrier interface. This effect occurs because of two rea-
sons: first, the initial polarization transfer step from the electron to 
nuclear spins on the radical depends strongly on the strength of 
the hyperfine couplings. Therefore, when strongly hyperfine cou-
pled protons are removed, the bulk is more slowly hyperpolarized. 
Second, protons on the biradical also play a critical role in trans-
porting the hyperpolarization into the bulk. Notably, especially 
with 90% TCE-d2 solutions, it was found that the phenyl group 
protons play a crucial role in the transfer of hyperpolarization into 
the bulk. This observation is also relevant in the context of fast 
MAS DNP experiments when highly deuterated solutions can be 
used to facilitate 1H detection. Based on the new understanding 
of the preferred polarization transfer pathway in TEKPol, a new 
biradical was designed, dubbed NaphPol, in which the phenyl 
groups of TEKPol are replaced with naphthyl groups, and which 
was shown to yield a 30% increase in overall sensitivity. 
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Dynamic nuclear polarization NMR of a series of deuterated and fluorinated TEKPol biradicals allows the elucidation of the hyperpo-
larization transfer pathway. This knowledge has enabled the design of a new polarization agent, NaphPol, which is the most efficient 
biradical in organic solvents to date. 
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