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Dynamic nuclear polarization (DNP) #°Si solid-state NMR spectra of a hybrid mesoporous silica
material impregnated with aqueous biradical solutions have been acquired with cross-polarization (CP)
and cross-polarization Carr—Purcell Meiboom-Gill (CP/CPMG) pulse sequences. The integrated
intensities (/1) and signal to noise ratios (S/N) of the #Si solid-state NMR spectra are monitored in
order to measure the DNP enhancement factors (gs; cp) as well as the overall sensitivity enhancement
(Zs; cp) available from the combination of DNP and CPMG acquisition. Here,

Ssice = (&g cp) (0si)v/k, where fg; is a factor which quantifies reduction of the NMR signal by
paramagnetic effects (quenching) and « is the square root of the ratio of nuclear longitudinal relaxation
times of the dry material and material impregnated with radical solution. It is found that Xg; cp is
always substantially lower than the measured value of &g; cp due to paramagnetic effects which reduce
the I7 of the *Si CP solid-state NMR spectra at high biradical concentrations. In this system, it is
observed that the sample preparation which provides optimal DNP signal enhancement does not
provide optimal overall signal enhancement. Notably, optimal signal enhancements are obtained for
CPMG acquisition of the ?Si solid-state NMR spectra when lower radical concentrations are employed
due to slower transverse relaxation rates. To the best of our knowledge this is the first study which seeks
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to quantify the overall sensitivity enhancements available from DNP solid-state NMR experiments.

Introduction

Dynamic nuclear polarization (DNP) has attracted considerable
interest as a method to enhance the sensitivity of solution and
solid-state NMR experiments.'* The original DNP experiments
were first proposed and performed in the 1950’s at low magnetic
fields.*® The development of gyrotrons capable of producing
high power high frequency microwave (MW) radiation has
recently enabled DNP experiments to be extended to high
magnetic fields.”° In a DNP NMR experiment the polarization
of unpaired electrons is transferred to the nuclei of interest by
irradiating the electron paramagnetic resonance (EPR). Modern
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high field DNP NMR experiments are usually accomplished by
introducing an exogenous stable radical into the sample as
a polarization source. Under continuous wave MW irradiation,
all NMR active nuclei in the sample are polarized, although the
extent of polarization depends upon the abundance, gyromag-
netic ratio and relaxation properties of the nucleus in question;
"H nuclei are usually the most rapidly polarized nuclei'™** and
spin diffusion efficiently distributes polarization over the protons
of the solvent/sample.'*'® Enhanced 'H polarization may then be
transferred to hetero-nuclei (e.g., *C, ?Si). DNP NMR experi-
ments in the solid state are usually today accomplished under
magic angle spinning (MAS) conditions with sample tempera-
tures around 100 K.

Modern DNP solid-state NMR experiments have mainly
focused on biological applications such as the characterization of
proteins and membrane systems.»*?*2* We have recently shown
how the NMR signals from the surfaces of materials can be
enhanced by DNP if the sample is impregnated® with a radical
containing solution.>>?¢ In this way DNP signal enhancement
factors (¢) from 20 to 40 were obtained. We dub this method
DNP Surface Enhanced NMR Spectroscopy (SENS). Since
sensitivity is the key barrier to the characterization of surfaces by
NMR, this opens up a whole new field of possibilities and should
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have broad ranging implications for the characterization of
a variety of materials. For example, we showed the acquisition of
two-dimensional *Si and "C CP heteronuclear correlation
(HETCOR) solid-state NMR spectra were possible in total
experiment times on the order of an hour, at natural isotopic
abundance.?¢ Recently Lafon et al. have used this approach to
acquire DNP enhanced directly excited *Si solid-state NMR
spectra of the bulk phase of silica nanoparticles.?’

In order to better evaluate the applications of DNP SENS
experiments it would be beneficial to quantify the overall sensi-
tivity enhancement of the experiments. Quantifying the overall
sensitivity enhancements available from DNP is key for several
reasons: (i) sources of signal loss or less than optimal signal
enhancement in DNP NMR experiments could be identified, and
possibly rectified in the future. (ii) The practising chemist could
identify the sample preparation conditions which will provide
highest sensitivity enhancements, rather than simply the best
DNP enhancements. (iii) Without knowledge of the sensitivity
enhancement the feasibility of future applications of DNP solid-
state NMR cannot be reasonably estimated (e.g., based upon the
concentration of NMR active nuclei in materials). Under-
standing the nature of the overall enhancement would therefore
open up new avenues for designing polarizing radicals,
conceiving NMR acquisition schemes, or optimizing instru-
mentation (for lower sample temperatures, for example).

However, to the best of our knowledge there has not been
a quantitative study of the overall sensitivity enhancements
available from DNP experiments performed with exogenous
polarization agents. Thurber and Tycko have recently investi-
gated sensitivity gains provided by DNP in frozen water/glycerol
solutions at various temperatures (from 7 to 80 K) and radical
concentrations.?® They observed that at higher radical concen-
trations ¢ generally increased, while the magnitude of the abso-
lute signal generally decreased. To date, this is the only study in
which the absolute signal intensities of the DNP enhanced NMR
spectra were reported, in addition to ¢ and the time constant for
build-up of DNP enhanced longitudinal magnetization (7Tpnp)-
In other recent solid-state DNP NMR studies by several research
groups only ¢ and Tpnp values were reported, rather than
absolute signal intensities,?»?23:25:26:28-31

In a DNP solid-state NMR experiment, the observed
enhancement factor ¢, defined here as the ratio of the integrated
intensities between MW on and MW off spectra, depends on
many factors. To name but a few, the structure and concentra-
tion of the polarizing agent, the sample temperature, the spinning
frequency, the microwave power, the composition of the frozen
solution, and the deuteration level of the substrates.!-!7-28:32-34
However ¢ only encapsulates part of the whole experiment. For
example, the radical concentration not only influences ¢, but also
(1) the fraction of spins residing inside the so-called diffusion
barrier,'®-*¢ which will not contribute to the NMR signal, and
(ii) Tpnp, Which is linked to the nuclear longitudinal relaxation
time (77).2833:3%37 Both factors will affect the overall sensitivity
enhancement factor provided by the DNP experiment.

In this article, in addition to quantifying the overall signal
enhancements available from DNP, we apply the Carr—Purcell
Meiboom-Gill (CPMG) acquisition scheme to obtain further
signal enhancements for *Si solid-state NMR spectra. CPMG
sequences®®* are routinely employed to enhance the signal to

noise (S/N) ratios of solid-state NMR spectra which are inho-
mogeneously broadened by some combination of chemical shift
anisotropies,***' chemical shift distributions,**** quadrupolar
broadening,***¢ and magnetic field inhomogeneity.*”* In
CPMG experiments a train of refocusing pulses are applied to
acquire a series of spin echoes (Fig. 1). CPMG sequences can
yield order of magnitude improvements in signal to noise when
the effective transverse dephasing time> (77) is relatively long
and many spin echoes can be acquired, as was observed for
mesoporous silicas.** However, it is not at first sight obvious that
CPMG can be used in DNP SENS experiments, since 7, is
expected to be severely affected by the presence of the para-
magnetic polarizing agent.* This could potentially hinder the
application of CPMG pulse sequences. In this regard Ellis and
Lipton have shown that it is possible to apply CP/CPMG pulse
sequences to acquire spectra of quadrupolar nuclei contained in
metalloproteins which are dissolved in frozen solutions doped
with paramagnetic metal ions (that act to enhance 'H longitu-
dinal relaxation rates).>>-¢ Kervern et al. have also demonstrated
that the CPMG pulse sequence can be utilized to extend 'H
coherence lifetimes of paramagnetic solids under ultra fast
MAS.5” These findings suggest that 7>’ may remain long enough
such that CPMG experiments remain feasible on systems doped
with radicals.

In the following we first evaluate the overall sensitivity
enhancements (wWhere sensitivity is defined as the signal to noise
ratio per square root of unit time per unit mass)®® obtained by **Si
DNP SENS experiments on a mesoporous hybrid silica material
(I, Fig. 1A). By taking into account the loss of signal due to
various paramagnetic effects, the effective relaxation times, and
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Fig. 1 (A) Schematic drawing of the structure of the hybrid material (I)
used here. (B) DNP enhanced "H-*’Si CP/MAS spectrum of I impreg-
nated with a 12 mM aqueous TOTAPOL solution. The T,
[Si(R),(OSi)4 _ ,] and Q, [Si(OSi),(OR), _ ,] sites are labelled on the
spectrum. (C) The CP pulse sequence utilized to acquire the MAS "H-*Si
CP/MAS NMR spectra. (D) The CP/CPMG pulse sequence utilized to
acquire the "H-*’Si CP/CPMG MAS NMR spectra. 1, is the rotor period
and m and N are integers.
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the effect of performing experiments at low temperature the
overall sensitivity enhancements can be measured. We show that
the conditions for optimal sensitivity do not in general corre-
spond to those providing the highest ¢, and very importantly,
that paramagnetic effects lead to a large reduction in signal
intensities. We then show how the CPMG acquisition scheme can
be combined with DNP SENS. Under optimum conditions we
obtain sensitivity enhancement factors of ca. 100, which corre-
sponds to a ca. 10000 fold reduction in the experiment times. To
the best of our knowledge this is the first study which seeks to
quantify the overall sensitivity enhancements available from
DNP experiments.

Experimental
Sample preparation

Experiments were performed on the hybrid silica material
(I, Fig. 1A) with directly incorporated phenol ligands, prepared
as previously described.’® The influence of solvent deuteration
level on DNP enhancement was tested on a methyl passivated
SBA-15ssilica, the synthesis of which is described in the ESIT. The
biradical TOTAPOL* was obtained from DyNuPol Inc.,
Massachusetts, USA. Samples for DNP solid-state NMR
experiments were prepared by placing 8.8 to 9.5 mg of dry I onto
a disposable weighing boat. With a micro-pipette ca. 12 uL of the
aqueous TOTAPOL solution (100% H,O, unless indicated
otherwise) was added to the material. The total mass of this
(impregnated) material was then recorded and the material was
then mixed by hand with a glass stirring rod in order to homo-
geneously distribute the solution over the powdered sample. The
impregnated material was then packed into a 3.2 mm sapphire

rotor. The rotors were weighed (empty masses of 329.0 to 325.7
mg) before and after packing. A polyfluoroethylene plug was
then inserted to prevent leakage and the rotor was capped with
a zirconia drive cap. The mass of dry I material was then
determined by calculating the fraction of material inside the
rotor corresponding to dry material (Table S17).

DNP surface enhanced NMR experiments

All experiments were performed on a commercial 9.4 T 263 GHz
Bruker DNP solid-state NMR instrument (vo('"H) = 399.82 MHz
and vo(*Si) = 79.43 MHz),** using a low temperature 3.2 mm
double resonance CPMAS probe, sample temperatures of ca.
105 K and sample spinning frequencies (v,.) of 8000 Hz. The field
sweep coil of the NMR magnet was set so that MW irradiation
occurred at the DNP enhancement maximum of TOTAPOL
(263.334 GHz). The estimated power of the MW beam at the
output of the probe waveguide was ca. 4 W.3* Hartmann-Hahn
matching conditions and contact times were optimized directly on
the samples under study in MW on DNP cross-polarization (CP)
experiments. For CP, the amplitude of the 'H contact pulse was
linearly ramped in order to improve CP efficiency.**** SPINAL-
64 decoupling was employed with 'H rf fields (v;(‘H)) of
~89 kHz.*> For CP Carr—Purcell Meiboom-Gill (CP/CPMG)
experiments****? the echo delays and acquisition periods were
rotor synchronized by setting them to integer multiples of the
rotor period. A complete listing of experimental parameters (pulse
widths, rf fields, recycle delays, etc.) is given in the ESIT (Table S2).
Pulse programs are available upon request. Echo reconstructed
CPMG spectra were obtained by summing the whole echoes of the
FIDs in the time domain, followed by Fourier transform and

Table 1 Summary of DNP "H-*Si CP/MAS Solid-state NMR Experiments on I

[TOTAPOL] o Mision 11 MW 7,('H) or v v
(mM) (mg)* (mg)” IIMW off  IIMWon® e5cp’ on30s 6 Tone('H) (¥ s o/ Sisi o
Dry material — — — — — — — 0.20-0.80 — —
Degassed, dry — — — — — — — 3.9(5) — —
Pure H,0 18.62)  813) — - 1 42(1) 1.00 12.63) - —
4002) 1822)  793)  1.00(4) 16.2(2) 16(1)  35.5(4) 0494)  53(1) 6708)  1902)
7.3(2) 183(2)  8.0(3) 1314 19.6(2) 151)  35.1(4) 0.525)  4.6(1) 7209)  2003)
12.12) 1852)  8.1(3)  0.88(4) 28.9(3) 31 57.8(7) 0393)  2.9(1) 15(1) 42(4)
16.1(2) 18.0(2) 7.7(3) 0.58(4) 24.5(2) 43(1) 36.9(4) 0.19(1) 2.4(1) 10.4(9) 29(3)
20.3(2) 2192)  863)  0.7203) 21.3(2) 30(1)  35.1(4) 0262)  2.5(1) 9.709)  273)
23.9(2) 1672)  7.13) 0474 11.9(1) 25(1)  16.1(2) 0.14(1)  2.5(1) 455 131

“ Mot 18 the total mass of impregnated I material in the rotor. Uncertainties for all the last digit of all quantities are given in parenthesis. ® mgion
corresponds to the mass of dry I inside the rotor. A detailed explanation of the determination of this mass is given in the ESIt. ¢ Integrated
intensities (/]) of all isotropic resonances in the Si CP/MAS spectra, with or without MW irradiation. ¢s; cp is the same for both the T and Q sites,
so for convenience the integrals were take over the entire isotropic resonance. All integrals are per unit mass of dry material (m1s;0,) and per number

of scans. A 2 s recycle delay was employed in all cases. 128 scans were acquired for the MW on spectra and 384 scans were acquired for the MW
off. “ &g; cp is the DNP enhancement factor, es; cp = [({I MW on)/(II MW off)]. ¢ DNP #Si CP/MAS spectra were acquired with 30 s recycle
delays (35 s for pure H,O) in order to allow for greater than 95% longitudinal relaxation and measure the *’Si quenching factor (fs;). All integrals
are divided by misio> and the number of scans. 8 scans were acquired for the materials impregnated with radical solution, while 384 scans were
acquired for the material impregnated with pure water, 8s; = [({f MW on [TOTAPOL))/(({I[PureH0))(eg; cp))]- 7 Zsi cp is the overall DNP
enhancement factor, Y g cp= (&g cp)(0si) /71 Degassed/ Tpnp roTapoL]- E'si cp is the overall DNP enhancement factor including Boltzmann

enhancement, Z;. cp= [(298 K) /(105 K)](eg; cp)(0si) vk = (2.8)(Zg; cp), where 105 K is the estimated sample temperature and 298 K is the sample

temperature at which most solid-state NMR experiments are performed. ¢ T('"H) or Tpnp('H) was measured by fitting saturation recovery curves
obtained with a "H-*’Si CP/CPMG pulse sequence which was modified to have a train of saturating '"H 7t/2 pulses. Tpnp('H) was measured for I
impregnated with radical solutions with MW on experiments, and 77('"H) was measured for materials without radicals with MW off experiments.
When biradical polarizing agents are utilized, 7; and Tpnp are usually equal.
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magnitude calculation.®®*%* All spectral processing, integrated
intensity (/) and signal to noise ratio (S/N) measurements were
performed with the Topspin software package. es; cp was
observed to be the same for both T and Q sites, so for convenience
integrals were taken across the isotropic resonances of I, and S/N
measurements utilized the peak of the Q sites.

Results and discussion
Part I - Quantification of overall DNP sensitivity enhancements

Observed DNP enhancements (¢s; cp) as a function of the
radical concentration. It is well known that the DNP enhance-
ment factor (¢) is dependent upon the concentration of radicals in
the solution used to impregnate/wet/dissolve the materials and
on the deuteration level of the solvent/material under
study.3331-2228 I this study eg; cp is determined by dividing the
11 of MW on 'H-*Si CP/MAS spectrum by the II of the corre-
sponding MW off spectrum (Table 1). Since CP is used to acquire
both MW on and MW off spectra, the es; cp values measured
here are the same as the DNP enhancement for the 'H nuclei
involved in the CP transfer.

The effect of solvent deuteration ratio on eg; cp Was investigated
using a methyl passivated mesoporous silica impregnated with
10 mM TOTAPOL solutions of varying H,O0:D,O ratios
(Figure S1). It was found that fully protonated solutions gave the
largest es; cp values and absolute signal intensities. Therefore 100%
H,O solutions were employed for all subsequent measurements.
The influence of biradical concentration on eg; cp was investigated
by acquiring 'H-*Si CP/MAS spectra of I impregnated with
TOTAPOL H,O solutions of varying biradical concentration
(Fig. 2, Table 1). The left and middle columns show respectively the
»Si CP/MAS spectra with MW irradiation on and off. The
intensities of all of the NMR spectra have been scaled for the mass
of dry material contained in each rotor. From Fig. 2 it is clear that
DNP provides a substantial enhancement of the *’Si NMR signals,
and ¢g; cp strongly depends on the radical concentration (Fig. 3A).
For the TOTAPOL concentrations studied, ¢s; cp ranges from 16
(4.0 mM) to 25 (23.9 mM) and peaks at a value of 43 (16.1 mM).
These es; cp values are similar to those previously reported by our
research group for DNP experiments on other silica materials
impregnated with TOTAPOL solutions.?*?¢

Quantifying the reduction in *Si signal intensity. Thurber ez al.
have observed that the II of 'H solid-state NMR spectra of
frozen radical solutions decreases with higher radical concen-
trations.?® Inspection of Fig. 2 reveals that the /7 of the *Si NMR
spectra begins to decrease at higher radical concentrations (Table
1). This signal loss at increased radical concentration is attrib-
uted to two different paramagnetic effects: (i) *’Si nuclei which
reside inside the diffusion barrier®*-**'¢ or near to radicals will not
contribute to the observed NMR signals due to large dipolar
shifts and anisotropies and fast relaxation. This will directly
reduce the intensity of *Si solid-state NMR spectra. (i) 'H
resonances will also be broadened/relaxed by the same para-
magnetic effects, and this is expected to reduce the efficiency of
'H-'H spin diffusion, heteronuclear decoupling and the transfer
of polarization to *°Si via CP. This will indirectly lead to reduced
intensity of the *Si CP/MAS spectra. It is important to note that

(A) MW Off, 2 s recycle delay (B) MW On, 2 s recycle delay (C) MW On, 30 s recycle delay

[TOTAPOL] [TOTAPOL] [TOTAPOL]
6,=1.00

omm Intensity x 0.02
4.0 mM Intensity x 8 4DmMJ\ - 16 40mM AL 0,=049
78mM Intensity x 8 78mM =15 78mM 0, =052

121 mM Intensity x8 121mM [\ =33 121mM S\ 0, =039
16,1 mM Intens:tyxaHMI/L 16.1 mM 0,=0.19
203mM Intensity x8 20.3 mMrj\ 03mM A 8,=026

239mM Intensity x 8 23.9mM_/\ e =25 239mM 0,=0.14

40 80 20 ppm 40 80 120 ppm 40 80 120 ppm

%%%%%

Fig. 2 'H-*Si CP/MAS spectra of I impregnated with aqueous
TOTAPOL solutions ranging in concentration from 0 mM to 23.9 mM.
The intensities of all spectra have been scaled to account for differences in
the mass of material inside each rotor and the number of scans (see Table
1). (A) Spectra acquired without MW irradiation with a 2 s delay in
between each of 384 scans. (B) Spectra acquired with MW irradiation
with a 2 s delay in between each of 128 scans. The corresponding DNP
signal enhancement factors (es; cp) are given for each spectrum. (C)
Spectra acquired with MW irradiation (excepting the sample impreg-
nated with pure water) with a 30 s recycle delay in between each of § scans
(384 scans for the sample impregnated with pure water). The intensity of
the spectra impregnated with aqueous TOTAPOL solutions have been
scaled down by the corresponding value of eg; cp. The intensity of the
spectrum of the sample impregnated with pure water has been scaled by
a factor of 8/384. The factor which describes the reduction of the *Si
signal intensities due to paramagnetic effects (fg;) is listed next to each
spectrum. Spectra were processed with 200 Hz of exponential line
broadening in order to obtain more reliable integrals for the MW off
spectra.

1.0
40 * ) 1 ®)
. 0.8
30 . 1
0.6
E5cp % Bs. 1 & .
2 5 0.4] .
» 4
10 ] .
0,2_ ° 3
0 0
0 10 20 30 40 50 10 20 30 40 50
[e-] (mM) [e-] (mM)
12 1 (@] 40 1wz, . D)
T s 1 {|® SiCP [ .
o B ] 0] &
A
4 1 a 1 . .
A A A A 104 ™ ° e .
] .
0 0 v T T T
0 10 20 30 40 50 0 10 20 30 40 50
[e-] (mM) [e-] (mM)

Fig.3 Graphs showing the effect of electron concentration on (A) DNP
enhancement factor (eg; cp), (B) the ?Si quenching factor (fs;), (C) DNP
enhanced longitudinal relaxation times (7pnp) and (D) the overall
enhancement factor (Xs; cp) and the overall enhancement factor
including the Boltzmann enhancement (X's; cp). Uncertainties for all
measurements are indicated in Table 1. Note that [e7] = 2 X
[TOTAPOL].

these paramagnetic effects have been observed to complicate the
acquisition of solid-state NMR spectra of a variety of para-
magnetic systems at moderate sample spinning rates.®>"!

This journal is © The Royal Society of Chemistry 2012
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(A) MW On, 'H-*Si CP/MAS (B) MW On, 'H-*Si CP/CPMG  (C) MW On, 'H-**Si CP/CPMG FIDs

[TOTAPOL] [TOTAPOL] [TOTAPOL]

omM
78mM Intensity x8 7.8 mM [
121mM
121 mM Eppe = 24

161 mM

121 mM Intensity x 8

1%61mM 7 \ Intensityx 8

203 mM Intensityx 8  20.3 mM 203 mM
ZSQMIntensnyxs 23.9mM 23 ﬁ | 23.9mM

-100 140 ppm -60 - 100 140 ppm 5 15 25 35 msec

Fig. 4 (A) 'H-*Si CP/MAS spectra and (B) 'H-*Si CP/CPMG MAS
spectra of I impregnated with aqueous TOTAPOL solutions ranging in
concentration from 0 mM to 23.9 mM. The intensities of all spectra have
been scaled to account for differences in the mass of material inside of
each rotor (see Table 1 for masses). All spectra were acquired with MW
irradiation, 128 scans, 2 s recycle delays and v,,, = 8000 Hz. For the
CPMG spectra, each echo was 3.75 ms in length and 12 echoes were
acquired. CPMG enhancement factors (ecpmg) which describe the
increase in S/N obtained with CPMG are listed to the right of the CPMG
spectra. (C) Magnitude calculated 'H-**Si CP/CPMG free induction
decays (FIDs), illustrate the differences in 75'(*Si) at different radical
concentrations.

The factor fg; is utilized to quantify the reduction or
“quenching” of the *Si signal (Table 1). fg; is calculated by
dividing the II per unit mass of the MW on *Si spectra of the
impregnated I by eg; cp and the II of the *Si spectrum of I
impregnated with pure water (Table 1). All measurements of fg;
were performed with 30 s recycle delays in order to allow for
greater than 95% longitudinal relaxation of the '"H magnetization
at all biradical concentrations. The errors associated with
measurements of fg; are not easy to quantify,” however, in
general, it can clearly be seen that as the biradical concentration

Table 2 Summary of DNP "H-*Si CP/CPMG MAS experiments

is increased, fs; decreases (Fig. 3B). This is consistent with our
hypothesis that the loss of signal is due to paramagnetic effects.

Quantifying the overall DNP sensitivity enhancement factor. To
assess the signal enhancement available from DNP it is necessary
to consider several different factors. This includes, ¢, 6 and the
DNP enhanced polarization build-up time constant (7pnp)-
Since the presence of unpaired electrons in materials results in
reduced nuclear longitudinal relaxation time constants, a gain in
sensitivity can be attained by using shorter inter-scan
delays.>1:2%17:28:31 With knowledge of the Tpnp('H) of T impreg-
nated with radical solutions and T;('H) of the degassed material,
the overall DNP signal to noise enhancement factor (XZg; cp) can
be calculated:

T 1 Degassed

Ssicp = (Ssi cp)(esi) = (SSi cp)(eSi)\/E (D

Tponp [ToTAPOL)

The dependence of all quantities in eqn (1) on electron concen-
tration is depicted in Fig. 3.

Note that the pristine dry material possesses extremely short
T1("H) values when it is handled in open air. The short relaxation
times are attributed to the presence of paramagnetic molecular
oxygen in the pores of the material. When a sample of the pristine
dry material is degassed and then packed into a rotor under an
inert argon atmosphere, 77(*H) is equal to 3.9 s, which is an order
of magnitude longer than T;('H) of the oxygenated material
(Table 1). Since our ultimate goal is the characterization of air
sensitive catalyst materials, 77('"H) of the dry degassed material
was chosen as the reference point for the calculation of Xg; cp.
Tonp(‘H) decreases from 5.3 s at 4 mM biradical concentration
to 2.4 s at 16 mM biradical concentration. At higher biradical
concentrations Tpnp('H) does not significantly decrease further
(Fig. 30).

In addition to the DNP signal enhancement, signal enhance-
ment is obtained from conducting the experiments at tempera-
tures of 105 K. With respect to NMR experiments performed at
298 K, the overall sensitivity enhancement including the Boltz-
mann factor (X' cp) is:

[TOTAPOL] (mM)  msior (mg)®  (S/N) CP MW on®  (S/N) CPMG MW on®  ecpmc® Ty Si) (ms)?  Zgicrmc® Z'si cpmGt
Dry — — — ~4.9 236(44) — —
Pure H,O 8.1(2) ~4.9 354(27) ~4.9 ~14
4.0 7.9(2) 21(1) 99(5) 4.6(4) 23(3) 31(3) 88(9)
7.8 8.0(2) 22(1) 82(3) 3.7(2) 17(2) 26(3) 75(8)
12.1 8.1(2) 36(2) 83(3) 2.4(1) 16(2) 352) 98(9)
16.1 7.7(2) 33(1) 63(3) 2.1(1) 13(1) 21(2) 61(7)
20.3 8.6(2) 28(1) 46(2) 1.6(1) 13(1) 16(2) 44(5)
23.9 7.1(2) 17(2) 39(2) 2.3(1) 13(2) 10(1) 29(2)

“ See Table 1 for a determination of these values. ® Signal to noise ratios (S/N) were measured in Topspin and are per unit mass of sample. For both CP

and CP/CPMG experiments a 2 s delay was employed in between each of 128 scans. In order to obtain an accurate and unbiased measure of S/N, both
the CP and CP/CPMG spectra were processed without any line broadening and only the first 350 points of the CP FIDs were used for Fourier transform.
¢ ecpma 18 the CPMG sensitivity enhancement factor, ecpmc = [(S/N CPMG MW on)/(S/N CP MW on)]. For convenience the S/N of the Q peak
was utilized. ¢ T5/(¥Si) time constants were measured by fitting the intensity of the echo tops of the CP/CPMG FIDs to monoexponential decay
functions [S(¢) = (Sp)exp(-#/T>’)]. For the dry material and material impregnated with pure water, not enough decay of transverse magnetization
could be observed to fit with exponential functions, so the FIDs were fitted with pseudo-linear functions [S(¢) = So(1 — (#/T%))]. ¢ Zsi cpma is the
overall sensitivity enhancement obtained from combination of DNP with CPMG acquisition, Zgicpmc = (€cpmg)(Zsi)- Z'si cpmo includes

Boltzmann enhancement, Z; cpma= (298 K) /(105 K)](ecpma) (Zsi cp)-
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; (298 K)

sicp = m(asi CP)(eSi)\/E = (2.8)(Zg; cp) )

The Boltzmann enhancement was experimentally confirmed
by acquiring *Si CP/MAS spectra of dry I at temperatures of
105 K and 310 K (Figure S271). It was found that the low
temperature spectrum possessed a signal that was 3.7 times larger
than that of the high temperature spectrum. The additional
signal enhancement is attributed to increased CP efficiency at
lower temperature as well as an increase in the probe quality
factor (Q). For calculations of X'; cp in the following only the
ratios of sample temperatures were employed (i.e., a factor of
2.8), as the other factors are highly variable and difficult to
quantify, although they do tend to improve at low temperatures.

For all biradical concentrations it is observed that Xg; cp is
always significantly lower than eg; cp. Zs; cp and X'g; cp peak at
a biradical concentration of 12.1 mM, where values of 15 and 42
are observed, respectively (Fig. 3D). Note that a 16.1 mM
solution of TOTAPOL actually provides a higher value of ¢s; cp
(43) than the 12.1 mM solution, however, the value of Xg; cp is
lower due to a low fs; (0.19).

Part II - Combining DNP and CP/CPMG for additional *’Si
signal enhancement

The DNP #Si CP/MAS and CP/CPMG spectra of I are shown in
Fig. 4A and 4B, respectively, and the corresponding CPMG free
induction decays presented in magnitude mode are shown in
Fig. 4C. For all CP/CPMG experiments 12 echoes (N) were
acquired, which corresponds to a 48 ms acquisition. In the
absence of transverse relaxation the acquisition of N echoes
would lead to an increase in the IT by a factor of 2V, and an
increase in the S/N by a factor of v/2N in comparison to a stan-
dard CP spectrum. For the dry material and material impreg-
nated with pure water, a slow decay of transverse magnetization
is observed (7%'(**Si) > 200 ms), therefore, the enhancement of
S/N available from CPMG acquisition (¢cpm) can be estimated
to be 1/2(12)=4.9. In line with these results, Pruski and co-
workers have previously demonstrated that it is possible to
acquire over 200 CPMG echoes (acquisition times of ca. 300 ms)
with fast spinning MAS experiments on similar mesoporous
silica materials.*** This results in a factor of 16 sensitivity
enhancement.*® However, rapid sample spinning rates are crucial
for these experiments as they enable low power 'H heteronuclear
decoupling to be used. This leads to minimal probe duty cycles
which allow for long acquisition times. Here it would in principle
be possible to acquire many more echoes for the dry and
impregnated I, but, this would in practice lead to untenable
probe duty cycles.

For I impregnated with radical solutions 75'(*’Si) ranges from
23 ms to 13 ms and is greatly reduced compared to 7,'(*Si) for I
materials free of radicals. T5'(*Si) decreases as the concentration
of biradicals increases (Table 2), which can likely be attributed to
a combination of enhanced paramagnetic relaxation and
decreased "H decoupling efficiency. The enhancements of the S/N
provided by CPMG acquisition for impregnated I are still
appreciable, although they are less than the theoretical limit.
Comparison of the spectra also suggests that ecpmg is the same
for both the T and Q sites.

The largest ecpmg 1s observed for the material impregnated
with the 4.0 mM TOTAPOL solution since it possesses the
longest 75'(*Si) of the impregnated materials. In this case the
S/N of the DNP *°Si CP/CPMG spectrum is 4.6 times larger than
the S/N of the corresponding CP spectrum. With knowledge of
ecpmc the overall sensitivity enhancement available from the
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Fig. 5 Graphs showing the effect of electron concentration on (A) the
CPMG enhancement factor (ecpmg) and (B) the overall sensitivity
enhancement of DNP CP/CPMG experiments (Zs; cpmg) and the DNP
CP/CPMG sensitivity enhancement including Boltzmann enhancement
(Z's; cpmg)- Uncertainties for all measurements are listed in Table 2. (C)
Comparison of '"H-*’Si CP/CPMG (top) and CP/MAS (bottom) solid-
state NMR spectra of I impregnated with 12.1 mM aqueous TOTAPOL
solution. CP/CPMG improves the S/N by a factor of 2.4. Note that [e ] =
2 x [TOTAPOL].
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combination of DNP and CPMG acquisition (Zs; cpmg) can be
calculated:

Zsicrmc = (2g;) (Ecpma) A3)

The variation of ECPMG> ESi CPMG and E+Si CPMG with biradical
concentration is shown in Fig. 5. The overall signal enhance-
ments including Boltzmann enhancement (X's; cpmg) have also
been tabulated in Table 2. From this analysis it is found that
Xsi cpmc and X's; cpmg peak for Iimpregnated with a 12.0 mM
TOTAPOL solution (24 mM e~) and are 35 and 98, respectively.
This is because for this biradical concentration, 75'(*Si) is rela-
tively long, while at the same time fs; and eg; cp are relatively
large. This gain in S/N would enable one to acquire spectra of
S/N similar in quality to that of the pristine degassed material at
room temperature with total experiment times that are roughly
10000 times faster! As the biradical concentration is increased
Xsi cpmg 1s found to decrease. Once again it is observed that the
sample preparation which provides optimal ¢g; cp values does not
provide the largest Xg; cpmg values.

Conclusions

Quantitative measurements of the integrated intensities of DNP
»Si CP/MAS spectra suggest that paramagnetic effects lead to
substantial reductions in the absolute signal of the spectra. For
this reason the overall signal enhancement of DNP experiments
is far less than that which is expected from ¢ values alone.
However, if Boltzmann enhancement of the signal is also
included then it is found that X's; cp and X's; cpmg peak here at
values of 42 and 98, respectively. Given these observations it is
recommended that rather than focusing on ¢ values alone when
optimizing DNP experiments, quantitative measurements of
signal intensities should be performed in order to determine
optimal sample preparation conditions, whenever possible. It is
also recommended that when similar ¢ values are obtained from
samples prepared with different radical concentrations, the lower
radical concentration should be employed. We anticipate that the
approach outlined here should be useful for optimizing the signal
enhancement available from DNP for a wide variety of systems.

Here, we have shown that a major source of loss in DNP
experiments in our system is due to quenching. This directly
opens up the perspective of developing approaches to reduce it.
Several approaches could be possible using either advanced
NMR techniques or novel synthetic routes, for example, (i)
utilizing fast MAS rates (>30 kHz) as has already been imple-
mented for paramagnetic samples (this requires the construction
of a fast MAS DNP probe), or (ii) designing radicals with
a “shell” that would exclude the NMR nuclei of interest from the
diffusion barrier. Finally, we expect that quenching will be highly
variable and dependent upon the precise structure of the system
under study. For example for bulk crystalline systems where the
radical resides at the surface of the crystals' or for systems in
which the nuclei of interest reside at the center of proteins,?*?! it
is expected that # = 1. Conversely, for small molecules and
proteins dissolved in radical containing solutions it is expected
that § < 1.

CPMG pulse sequences can be readily combined with DNP to
obtain further improvements in the S/N ratios of *°Si solid-state
NMR spectra of mesoporous silicas. However, due to the strong

dependence of CPMG signal enhancement on 75/(*Si) the
optimal signal enhancement is obtained at low biradical
concentrations. Similar to CPMG pulse sequences, many other
sequences rely upon T, for signal enhancement/coherence
transfer, and these experiments are also expected to function
better at low radical concentrations. We note that the signal
enhancement currently offered by fast spinning CP/CPMG
experiments for ?’Si approaches that of the DNP experiments,
however, in fast MAS experiments small sample quantities are
used and we therefore expect that DNP experiments provide
better absolute sensitivity. Additionally, CPMG pulse sequences
are not generally applicable (e.g., in cases where resonances are
narrow or 75’ is short). Conversely, the sensitivity gains afforded
by DNP experiments are expected to improve with the design of
better radical polarizing agents (such as triradicals),®”® hard-
ware (probes, cooling systems, efc.), and the development of
novel DNP methods (e.g., involving pulsed MW sources).
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