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High-field dynamic nuclear polarization (DNP) is emerging
as an extremely powerful method to enhance the NMR
sensitivity of solid samples.'* By transferring polarization
from unpaired electrons (usually from stable exogenous
radicals that are introduced by impregnating or dissolving
the sample with a radical-containing solution) to nuclei, DNP
has the potential to yield signal enhancements of several
orders of magnitude. DNP has been successfully applied to
the investigation of various biological samples.*”! In parallel,
the potential of high-field solid-state DNP has been demon-
strated for materials science,®™? or most recently to enhance
the NMR sensitivity of bulk microcrystalline solids.'*!
However, even with DNP, the overall NMR sensitivity is
still the limiting factor in many applications, and developing
improved DNP conditions is thus of primary importance in
this field. Many parameters are known to influence the
efficiency of the electron-nucleus, and of the subsequent
internuclear, polarization transfer. For instance, the structure
and properties of the exogenous polarizing radical have been
shown to dramatically impact the DNP enhancements,!':141°]
The temperature of the sample, the spinning frequency and/or
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the properties of the solvent itself are other key factors that
influence the DNP efficiency.!'"!]

In these experiments, polarization follows a complex
trajectory from the electron to the target NMR nucleus.
Electron polarization is transferred to the protons by
saturating the electron spin. The resulting enhanced nuclear
polarization is then propagated through the sample by spin-
diffusion-like mechanisms,?* and cross-polarization (CP) is
usually applied to transfer polarization from the hyperpolar-
ized protons to lower-gamma nuclei. In this process, the
proton longitudinal relaxation time (7;('H)) plays a key role.
In particular, it was recognized early on that T,('H) usually
defines the polarization build-up rate, and that in cases where
T,(*H) is short, the enhanced polarization is rapidly dissipated
through relaxation, before it can be accumulated and
distributed throughout the sample.™ The DNP efficiency is
thus expected to diminish with short proton 7;. It was shown
for instance that, when using nanodiamonds as the polar-
ization source, DNP efficiency decreases with the 7,('"H).”
On the other hand, as T,("H) governs the polarization build-
up rates, and thus the interscan delays, it has been shown that
a gain in sensitivity per unit time can be attained with short
Tl_[17.20,z74,28]

Herein, we show that when a substrate possesses methyl
groups that have short 7 values, these protons act as
relaxation sinks and dramatically reduce DNP enhancements.
We then illustrate how the DNP enhancement can be restored
by replacing these fast-relaxing protons with deuterons, or
with functional groups that contain slowly relaxing protons.
Furthermore, we show that, for DNP surface-enhanced NMR
experiments, in particular, the size and polarity of these
groups have a considerable impact on the overall NMR
sensitivity; they affect the number of detectable nuclear spins
in the sample and the NMR relaxation parameters, because
bulky apolar surface functional group repel the polarizing
radicals from the surface. By replacing methyl groups with
deuterated analogues, the overall sensitivity enhancements
(2)?" can go from 12 to 55.

The studies here were performed in the context of DNP
surface-enhanced NMR spectroscopy (SENS)® with a series
of mesostructured hybrid organosilica materials that contain
surface propylazide fragments. These samples were obtained
by condensing tetraethoxyorthosilicate and 3-azidopropyltri-
methoxy silane in the presence of a structure-directing agent
(P123).2311 The resulting material (Mat-PrN;, Figure 1A)
contains roughly five terminating surface silanols per propy-
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Figure 1. A) Molecular structure of the materials investigated during
this study. B) "H echo (right) and ?*Si CP MAS spectra (left) of
unpassivated Mat-PrN; impregnated with a 16 mm bCTbK solution in
tetrachloroethane, acquired with (red) and without (blue) microwave
irradiation. C) Proton enhancement (gy), silicon enhancement (es; cp)
and overall sensitivity enhancement (X) as a function of the passivat-
ing groups. All experiments were recorded at 400 MHz (proton
frequency) with a spinning frequency of 8 kHz. A detailed description
of X is given in the Supporting Information.

lazide unit. Functionalization of these remaining silanols is
often desired to tune the hydrophobicity and reactivity of the
silica surface.”>>¥ In particular, OSiMe; (TMS) fragments are
usually incorporated during the stepwise synthesis of catalytic
materials.’>*! Note that TMS here refers to the OSiMe;
surface group and should not be mistaken with tetramethyl-
silane, a molecule often used as a reference in NMR
spectroscopy. Coating the silica surface with unreactive
TMS fragments allows for the subsequent selective grafting
of active metal complexes. Other passivating agents can also
be used (Figure 1), thus making this material an ideal scaffold
for relating the properties of the surface groups to the DNP
efficiency.

The synthesis of the materials containing TMS, perdeu-
terated TMS ([D,]-TMS), methoxy, deuterated methoxy
([D;]-methoxy), and OSiPh; (TPS) passivating groups is
described in the Supporting Information. A 16 mm solution
of bCTbK in 1,1,2,2-tetrachloroethane was used as a polariz-
ing mixture. This combination of solvent and biradical has
previously given high DNP enhancements (&) of approxi-
mately 100 on unpassivated Mat-PrN;.""! All experiments
were carried out at a temperature of approximately 100 K on
a commercial Bruker 400 MHz DNP spectrometer.”” Fig-
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ure 1 C shows the proton (&g solvent) and silicon (eg; ¢p) signal
enhancement factors for the different samples. The overall
sensitivity enhancement (X),?* which takes into account both
the loss of the NMR signal owing to the introduction of
a paramagnetic radical (i.e. the quenching or bleaching
effects)?”-2*37) and the subsequent changes in T,(*H), is also
shown. Table 1 gives the T;(*H) of the solvent and the surface
protons involved in CP.

Table 1: Proton longitudinal relaxation times, silicon-29 enhancements,
and overall sensitivity enhancements of Mat-PrN; with various passi-
vating surface groups.

OH OCH; OCD; TMS [Dg-TMS OSiPh,
T,(H) [s]®  3.03(3) 3.03(4) 3.59(4) 1.0(1) 281(2) 3.06(4)
T1("H)si [s]® 2.40(2) 2.23(1) 2.67(2) 0.89(2) 3.15(3) 2.7(1)
e ool 1103)  71(3)  72(3)  9(3) 743)  87(3)
> 33 31 38 1 55 40

[a] Proton longitudinal relaxation times measured by direct acquisition
and [b] by 2°Si CP (see the Supporting Information for experimental
details). [c] **Si enhancement measured by 'H CP and, [d] overall *Si
sensitivity enhancement.

In most cases ey and &g -p match within error, as do the
T,(*H) for the bulk solvent and the surface 'H nuclei. Carbon
enhancements (& ¢p) of the surface functional groups have
also been measured and match ey and &g o (see the
Supporting Information). These observations are consistent
with the solvent and surface protons existing within a single
dipolar coupled proton spin bath where polarization is evenly
distributed throughout the samples by proton—proton spin-
diffusion mechanisms.">!

An &y of 116 was obtained for the unpassivated Mat-PrN,
material; this result is consistent with the values obtained in
previous studies on similar materials.""! Upon replacement of
the hydroxy group with TMS groups, ¢y is decreased to 17,
which correlates with a sharp decrease of the proton T; from
3's (in the presence of hydroxy groups) to 1s. Such short
T,(*H) values are expected in the presence of a high concen-
tration of fast-rotating methyl groups at the temperature of
the experiment here, that is, around 100 K. At significantly
lower temperatures, tunneling mechanisms are expected to
impact 7,.%)

Next we investigated the effect of the selective deutera-
tion of these surface methyl groups on 7;('H) and the DNP
enhancements. Deuteration has long been used to optimize
DNP enhancements. Deuteration of the solvent is widely
used, and was proposed to lead to larger DNP enhancements
owing to a decrease in the size of the proton bath and an
increase in T;(*H).”! Partial deuteration of exchangeable
sites in an otherwise fully deuterated protein was also shown
to improve enhancements by the same mechanism.*'¥ In
both cases, the T;('H) was only seen to significantly change at
high deuteration levels.

When protonated TMS is replaced by [Do]-TMS, T;(‘H)
increases to 3 s and consequently &g; p rises from 9 to 73. Less-
pronounced effects were observed when the surface was
passivated with methoxy and [Ds;]-methoxy groups (Fig-
ure 1¢). T;("H) did not substantially increase when the
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methoxy groups were deuterated. Consistent with this
observation no major difference in & p was observed.
Methoxy groups likely have a smaller influence on T;('H) and
€g; cp than TMS groups owing to their lower proton densities.

The drastic increase of € upon deuteration of TMS groups
is clearly attributable to changes in the relaxation properties
of the sample, rather than changes in the size of the proton
spin bath, as is the case when using partially deuterated
solvent.'® Indeed, when the TMS groups were replaced by
protonated TPS the enhancement was restored (Figure 1C).
Materials passivated with TMS and TPS both have a similar
overall proton density, with the primary difference being the
longer T,(*H) for the TPS passivated material (proton density
is only affected very locally by the use of different passivating
groups).

The detrimental impact of surface methyl groups on ¢ at
100 K was also confirmed by DNP NMR experiments con-
ducted on a material containing imidazolium mesityl moieties
(Mat-Im, structure shown in the Supporting Information) in
place of the propylazide groups. Mat-Im materials contain
three methyl groups on a mesityl ring in the organic fragment.
For unpassivated Mat-Im, the ¢y, and surface T,('H) were 40
and 1.7 s, respectively, as compared to 116 and 2.5 s for the
unpassivated Mat-PrN; material. Note that, as the electron
relaxation time (7).) has been reported to be an important
parameter for DNP,"!! T, was measured for all the passivated
samples and no significant change was observed between
samples (see the Supporting Information).

The above results clearly show that the presence of methyl
groups, acting as relaxation sinks, directly impacts ¢. If we now
turn our attention to the overall NMR sensitivity enhance-
ment X, we note that the ratio X/e is significantly higher for
both TMS and [D,]-TMS than for the other passivating
groups. This finding is related to the fact that the decrease in
the NMR signals as a result of paramagnetic effects is less
pronounced in the presence of these passivating groups. This
in turn suggests that these bulky groups prevent the close
approach of the paramagnetic polarizing agents and the
surface. Figure 2 shows the silicon-29 rotating-frame relaxa-
tion times 7),(*Si) and the effective transverse dephasing
times 7,(*Si) as a function of the measured silicon-29
quenching factor 6g; (the apparent fraction of nuclei contri-
buting to the signal).?” Both the relaxation times and 6g; are
expected to diminish when the surface and the radical are in
close proximity. For materials passivated with TMS and [Dy]-
TMS groups, 6; is high (> 0.6) and both T',(*’Si) and T,'(*’Si)
are relatively long (> 30 ms). Conversely, all other passivating
groups lead to strong quenching effects (with g values
between 0.2 and 0.4, that is, similar to values previously
observed for mesoporous materials)!'* and short silicon
relaxation times (between 11 and 20 ms). A strong correlation
is observed between fg and the two relaxation times, thus
indicating that the short Tj, and T, values observed for
passivating groups other than TMS are due to proximity
between the surface and the radical. We note that a doubling
in 6 leads to a factor 2 gain in overall sensitivity. Finally,
T,'(*Si) was measured for the differently passivated Mat-
PrN; samples wetted with pure solvent (i.e., no biradical). In
all cases, T,/ (*Si) was longer than 200 ms, thus confirming that
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Figure 2. Silicon-29 rotating-frame relaxation times (T,(**Si)) and
effective transverse dephasing times (T, (*Si)) plotted as a function of
the quenching factor (6s) for the various materials in a 16 mm solution
of bCTbK in tetrachloroethane solution. A detailed description of 6; is
given in the Supporting Information. T;,(**Si) was measured with

a 26 kHz spin-lock radio-frequency field. The individual values for each
passivating group are given in the Supporting Information (Table S2
and Figure S3).

the differences observed in the silicon relaxation times are
indeed due to paramagnetic effects rather than to the nature
of the individual passivating groups (see the Supporting
Information).

The shortening of these relaxation times is detrimental to
many NMR experiments; with a short T, CP will be less
efficient, and a short 7," will reduce the efficiency of any
experiment containing a spin-echo block. A simple solution to
increase 7, would be to lower the radical concentration.
However, as ¢ and X are highly dependent on the radical
concentration, reducing the radical concentration would also
diminish sensitivity enhancements. For challenging NMR
experiments, in which sensitivity is an issue, both high
enhancements and long transverse relaxation times are
required. In many cases, lowering the radical concentration
to obtain a 75’ that is long enough for these NMR experiments
would lower the enhancements to the extent that sensitivity
would be too low to perform such experiments. Passivation of
the surface with bulky apolar groups, such as TMS, is a way to
obtain high enhancements, lessen signal quenching by the
radical, and maintain long 7, values.

In summary, we have illustrated that surface groups that
contain fast-relaxing protons act as polarization sinks in DNP
SENS experiments of mesoporous hybrid materials, thus
leading to a dramatic reduction in NMR sensitivity. By
replacing these groups with deuterated analogues or with
fragments that contain slowly relaxing protons, high sensitiv-
ity enhancement factors can be retrieved. Passivation of the
surface with deuterated bulky apolar groups provides an
additional increase in overall sensitivity, as they push the
biradical away from the surface, thus leading to a reduction of
the detrimental paramagnetic effects. The controlled incor-
poration of deuterated TMS increased X from 35 to 55 with
respect to the starting unpassivated material, and from 12 to
55 for the material passivated with protonated TMS. This
corresponds to a X' (including Boltzmann factor) of 165,
which leads to a reduction in experimental time of over four
orders of magnitude with respect to ordinary room temper-
ature solid-state NMR experiments. This result marks a sig-
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nificant step forward in the context of the characterization of
low surface area materials, including active heterogeneous
catalysts, as these materials often contain surface functional
groups containing methyl groups. These findings might also
have potential implications in the field of protein sample
preparation for DNP. Our study is in line with the observation
of higher enhancements observed recently for deuterated
proteins,*!* hinting at a dominant role of deuteration of those
amino acids that contain fast-relaxing methyl groups. Finally,
we note that solvents and supports (such as artificial
membranes for oriented samples) containing methyl groups
should not be used in DNP experiments.
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