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Solid-state NMR spectroscopy is an irreplaceable technique
for probing the atomic-level structure and dynamics in
inorganic materials.[1] However, its applicability is plagued
by a lack of sensitivity, which prevents the observation of
interfaces, diluted species (defects, dopants), or isotopes, such
as 29Si, with low receptivities or long nuclear longitudinal
relaxation times (T1n).

Herein we show how direct 29Si dynamic nuclear polar-
ization (DNP) results in a 30-fold enhancement of 29Si NMR
signals from subsurface sites in porous silica, a material with
applications in photonics, sensors, biomaterials, and cata-
lysts.[2–4] The DNP method is based on the microwave-driven
transfer of polarization from unpaired electrons to the
nuclear spins. Originally introduced at low magnetic fields,[5]

DNP was then applied under magic-angle spinning (MAS)
and at high magnetic field to combine sensitivity and high
resolution.[6–11] The extension of high-field MAS DNP to
inorganic materials faces three challenges: 1) the incorpora-
tion of paramagnetic agents in materials, 2) the distribution of
polarization throughout nonprotonated samples for which
1H–1H spin diffusion cannot be used, and 3) the observation
of isotopes other than 13C or 15N.[12]

We show herein how these challenges can be handled in
the case of porous silica used in photonics (see Figure S1 in
the Supporting Information).[2] The mean pore diameter of
these samples is about 75 �, and radicals such 4-amino-
(2,2,6,6-tetramethylpiperidin-1-yloxyl)(4-amino-TEMPO) or
1-(TEMPO-4-oxy)-3-(TEMPO-4-amino)propan-2-ol
(TOTAPOL)[13] were introduced by impregnation within the
pores as the source of polarization for DNP.[14, 15] A first
possibility to enhance the 29Si signal by DNP consists of the
indirect polarization of 29Si nuclei via 1H using 1H!29Si cross-
polarization (CP).[12] This method enhances the polarization
of 29Si nuclei located near the surface but not in the bulk, since
1) there are few protons inside the bulk silica xerogel[16] and
2) CP transfers are only effective up to a few angstroms and
suffer from dipolar truncation.[17] As an alternative, we
explore the direct DNP of 29Si nuclei. This method has been
tested, mainly at low magnetic field under static conditions,
for amorphous or doped silicon containing endogenous
paramagnetic centers.[18–22] Herein we demonstrate the effi-
ciency of direct 29Si MAS DNP for porous silica at high field.

Figure 1 shows how the direct DNP of 29Si nuclei strongly
increases the signal intensity of porous silica. The employed
pulse sequence is displayed in Figure 1a. Figure 1b presents a
comparison of one-dimensional (1D) natural-abundance 29Si
MAS NMR spectra obtained with and without microwave
irradiation. For materials containing TOTAPOL in a concen-
tration of cm = 15 mm, we measured a DNP signal enhance-
ment of j e j= 30.

The direct DNP 29Si NMR spectrum can be compared
with that obtained by indirect DNP (see Figure 1c). The
signal enhancements of direct DNP are larger than those
measured for indirect DNP (eCP = 13). However, for direct
DNP, the polarization builds up within hundreds of seconds
(see Table 1), whereas the time constant of polarization build-
up for indirect DNP is a few seconds.[23] Under the exper-
imental conditions of Figure 1 c, the sensitivity of indirect
DNP is 35% higher than that of direct DNP. In practice, direct
DNP complements indirect DNP since, as seen in Figure 1c,
there are large differences between the direct and indirect

Table 1: Influence of TOTAPOL concentration on the direct polarization
of 29Si nuclei.

cm [mm
�1] j e j [a] tf [s][b] ts [s][b] a [%][b]

7 29 190 2200 87
15 30 120 1200 81
30 20 110 1100 74

[a] The experimental conditions are those of Figure 1b. [b] Parameters
for the fit of intensity build-up curves with Equation (1).
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DNP 29Si signals. The direct DNP spectrum displays a
maximum at d =�110 ppm, the chemical shift of (Si�O)4Si
(Q4) sites.[16] Conversely, in the indirect DNP spectrum, we
observe the largest intensity at d =�100 ppm, the d value of
(Si�O)3Si(OH) (Q3) sites, and a marked shoulder at d =

�90 ppm, corresponding to (Si�O)2Si(OH)2 (Q2) sites. In
porous silica, the Q2 and Q3 sites cover the surface of the
pores, whereas the Q4 sites represent the bulk of silica
network. We can conclude that the direct 29Si DNP is able to
polarize the subsurface Q4 29Si nuclei, whereas indirect 29Si
DNP enhances the polarization of surface nuclei.

The direct DNP 29Si signal has been fitted as the sum of
four contributions, those of Q2, Q3, Q4

n, and Q4
b sites (the fit

procedure is detailed in the Supporting Information). The Q4
b

contribution represents the signal arising from Q4 sites
located in the vicinity of paramagnetic centers and broadened
by electron–nucleus interactions,[24] whereas the narrow Q4

n

contribution corresponds to the other Q4 sites. The relative

areas of Q2, Q3, Q4
b, and Q4

n contributions are 3, 17, 21, and
59%, respectively, thus confirming the larger polarization of
subsurface Q4 sites.

The influence of nature and concentration of the radical
on the efficiency of direct 29Si DNP was investigated. For
porous silica containing 30 mm 4-amino-TEMPO, the signal
enhancement by direct 29Si DNP was j e j= 11, a threefold
lower value than that obtained with 15 mm TOTAPOL. This
result confirms that at high magnetic fields, biradicals benefit
from the efficient cross-effect (CE) DNP mechanism.[13, 15, 25,26]

The TOTAPOL concentration in porous silica was optimized,
and the largest nuclear polarization was obtained for cm =

15 mm. Furthermore, EPR measurements indicate that the cm

values reported in Table 1 are about 15% higher than
expected from full impregnation with the TOTAPOL solution
(see the Supporting Information). This result suggests the
existence of specific interactions between the TOTAPOL
molecules and the silica surface.

Figure 2 shows the dependence of the DNP enhancement
on the static magnetic field B0. The low-field DNP enhance-
ment is 30% higher than that obtained at high field. These
features are typical of direct DNP for isotopes with low
gyromagnetic ratios when TOTAPOL is used as a polarizing
agent and the CE is the polarization mechanism.[27, 23] Direct
DNP experiments were performed at the low-field extremum,
and all e values reported herein are negative. Conversely,
indirect DNP experiments were performed at a high field
position, resulting in positive eCP values.[23]

The dependences of direct 29Si DNP enhancement on
sample temperature T or MAS frequency nr are weaker than
those reported for the indirect DNP of frozen solutions (see
the Supporting Information). Besides, the build-up time of
29Si signal intensity and integral do not depend on the value of
nr (see Figure 3a and Figure S4 in the Supporting Informa-
tion).

Using a phenomenological approach, the normalized
build-up curves of DNP-enhanced intensity at �110 ppm
(Figure 3a) were modeled as a bi-exponential function
[Eq. (1)]:

Figure 1. a) Pulse sequence used for 1D direct DNP MAS experiment.
The equilibrium Boltzmann 29Si polarization was eliminated by a
presaturation, consisting of a train of n =100 908 pulses, separated by
a time tps = 0.3 ms. The longitudinal 29Si polarization builds up during
the microwave polarization time tmw. The same experiment without
microwave irradiation serves as a reference for the measurement of
signal enhancement e by direct DNP. b) Natural-abundance 29Si NMR
spectra of porous silica with TOTAPOL (cm = 15 mm) with (top) and
without (bottom) direct 29Si DNP. The deconvolution of the direct
DNP spectrum is also displayed. Both spectra were acquired at a MAS
frequency nr = 10 kHz, a B0 field position DNP(�) (see Figure 2), and
tmw = 240 s. Sample temperature was 98 K with microwave off. The
NMR spectra shown here result from averaging 16 scans. c) Compar-
ison between the natural-abundance 29Si NMR spectra obtained with
direct DNP (dashed line) and indirect DNP via 1H (continuous line)
for the same sample. The direct DNP spectrum is identical to that
displayed in (b). The two spectra were scaled to the same maximum
intensity. The deconvolution and experimental conditions for the
indirect DNP spectrum are given in the Supporting Information.

Figure 2. Dependence of normalized 29Si DNP enhancement on the
magnetic field B0. The scale corresponding to 29Si Larmor frequency
jn0 j is also displayed. The sample was porous silica impregnated with
cm = 15 mm TOTAPOL. The DNP enhancements are normalized
according to eA

norm ¼ eA= eA
max

�
�

�
� where eA

max

�
�

�
� is the absolute value of the

maximal 29Si DNP enhancement. The eA values for each B0 magnitude
were determined from the integrals of 29Si peaks with and without
microwave irradiation using tmw = 60 s.
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InormðtmwÞ ¼ I1 1� að Þ 1� exp � tmw

tf

� �� �

þ a 1� exp � tmw

ts

� �� �� �

ð1Þ

where tf and ts represent the time constants of the fast and
slow components, and a is the fractional contribution of the
slow component to the DNP-enhanced 29Si signal. The fast
and slow components may be interpreted as arising from 29Si
nuclei close to or remote from TOTAPOL molecules,
respectively, in a simple two-site model. For increasing cm

values, faster polarization build-up is observed, since each
TOTAPOL molecule has to polarize a smaller volume (see
Table 1). Besides, the size of the parameter a decreases with
increasing cm, since more molecules are located in the vicinity
of a biradical.

We observed a line narrowing of the DNP-enhanced 29Si
signal for increasing tmw delay, stemming from the slower
build-up of Q4

n polarization compared to that of Q4
b polar-

ization (see Figure 3b and Figure S5 in the Supporting
Information). This observation is consistent with TOTAPOL
being closer to Q4

b sites than to Q4
n ones.

The role of 29Si spin diffusion has been shown for direct
29Si DNP of static samples at a few Kelvin,[21, 22] but its
involvement under MAS at approximately 100 K remains an
open question. The spin diffusion coefficient D between 29Si
nuclei can be estimated using Equation (2):[28,10]

D ¼ �a2p�vd ð2Þ

where �vd is the average dipolar interaction (expressed in Hz)
at a characteristic distance �a between 29Si isotopes. The
derivations of �vd and �a are given in the Supporting Informa-
tion. The calculated D values at different MAS frequencies
are reported in Table 2. From nr = 2.5 to 10.0 kHz, the D
coefficient decreases from 3.8 to 1.0 �2 s�1. These values are
two orders of magnitude smaller than those obtained under
static conditions in silicon.[21, 22]

Using the estimated D coefficient, the spin diffusion time
constant Tsd to transfer nuclear polarization through the half-
distance R/2 between two TOTAPOL molecules is given by
Equation (3):[22]

Tsd ¼
R=2ð Þ2

D
ð3Þ

The average distance R in � between two TOTAPOL
molecules can be estimated from Equation(4):

R ¼ ðcm 10�30 NAÞ�1=3 ð4Þ

where cm is expressed in mM and NA is the Avogadro number.
For cm = 15 mm, Equation (4) yields R = 48 �. The Tsd values
estimated from Equation (3) are reported in Table 2. Even at
nr = 10 kHz, the Tsd value is smaller than the ts time constant.
Therefore, the limiting factor for the slow build-up of Q4

n

polarization is not the 29Si spin diffusion but the slow direct
polarization of 29Si nuclei by CE transfer. This result explains
why MAS frequency does not affect the polarization build-up
curves (see Figure 3a and Figure S4 in the Supporting
Information).

The estimate of the spin diffusion barrier radius rd

provides further evidence that the effect of 29Si spin diffusion
can be neglected in direct 29Si DNP. For the investigated
systems, the electron longitudinal relaxation times T1e are
shorter than the 29Si transverse longitudinal relaxation times
(T1e<T2n), and the radius rd is given by Equation (5),
Khutsishvili�s definition:[29]

rd � 2S
ge

g 29Sið ÞBS
S�hgeB0

kBT

� �� �1=4

a ð5Þ

where S is effective spin quantum number for the unpaired
electron, ge and g(29Si) are the gyromagnetic ratios of electron
and 29Si nucleus, BS is the Brillouin function with parameter S,
�h the reduced Planck constant, B0 = 9.391 T the static

Figure 3. Build-up curves of 29Si polarization for direct DNP experi-
ments. a) Build-up curve of DNP-enhanced 29Si signal intensity as a
function of tmw delay for nr = 2.5, 5.0, and 10.0 kHz. The sample was
porous silica impregnated with cm =15 mm TOTAPOL. For each nr

value, the DNP-enhanced 29Si signal intensities I(tmw) are normalized
with respect to the signal intensities at tmw =3200 s: Inorm = I(tmw)/
I(3200). The I(3200) intensity, which is the same at nr =5.0 and
10 kHz, is reduced by 10 % at nr = 2.5 kHz. b) Build-up curve of direct
DNP-enhanced integrals of different 29Si sites, i = Q2, Q3, Q4

n, and Q4
b,

as a function of tmw delay. The DNP-enhanced integrals Ai(tmw) for all
29Si sites are obtained by deconvolution. Here, the Ai(tmw) integrals are
normalized with respect to the total integral over all 29Si signals at
tmw = 3200 s: Ai

norm ¼ AiðtmwÞ=Að3200Þ.

Table 2: Spin diffusion parameters for different MAS frequencies and
cm = 15 mm.

nr [kHz] D [�2 s�1][a] Tsd [s][b]

2.5 3.8 150
5.0 1.9 300

10.0 1.0 600

[a] Calculated from Equation (2). [b] Calculated from Equation (3).
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magnetic field, kB the Boltzmann constant, T= 98 K the
sample temperature. As TOTAPOL is a biradical, the spin S is
equal to 1/2 or 1 depending on the strength and the type of
couplings between the two unpaired electrons. Under the
experimental conditions, Equation (5) yields radii rd of about
35 � for S = 1/2 and 45 � for S = 1. These rd values are larger
than the R/2 value and the average pore wall thickness
�h ¼15 �, which is estimated in the Supporting Information.
Therefore, all 29Si nuclei of the sample are core nuclei
enclosed in the diffusion barrier, and the efficiency of 29Si spin
diffusion is reduced not only by MAS but also by significant
differences in hyperfine shifts between two neighboring 29Si
nuclei.

In the absence of spin diffusion, the 29Si nuclei can only be
polarized if they are involved in a CE transfer, and the direct
29Si DNP enhances the 29Si nuclei with T1n times governed by
electron–29Si interaction. Besides, the build-up time constant
for CE transfer may be shorter than T1n, but both time
constants are of the same order of magnitude.[30] Hence, the
slow polarization build-up of 29Si nuclei is the consequence of
the long 29Si T1n times.

In conclusion, we have shown that NMR signals of
subsurface and surface 29Si sites in porous materials can be
dramatically enhanced by direct 29Si MAS DNP at high B0

field. Signal enhancements by a factor of 30 were measured
and higher j e j values are expected using sapphire rotors
instead of ZrO2

[9, 31] or utilizing radicals displaying narrower
EPR spectra than TOTAPOL.[27] This method supplements
indirect DNP via 1H, since it allows detection of subsurface
atoms even for nonprotonated samples. This subsurface
technique opens the way for the characterization of siliceous
materials, such as glasses, catalysts or nanomaterials, by MAS
DNP. Undoubtedly this approach will allow the detection of
defects, impurities, and other sites inaccessible by surface-
enhanced methods.

Experimental Section
Nanoporous silica with natural isotopic abundance was synthesized
using the sol–gel process of hydrolysis and condensation of tetra-
methyl orthosilicate.[2] The ground xerogels were impregnated with 4-
amino-TEMPO or TOTAPOL solutions in [2H6]-DMSO/2H2O/H2O
mixture (78:14:8 wt/wt/wt).

All solid-state DNP MAS experiments were performed on a
commercial Bruker BioSpin Avance III DNP spectrometer operating
at a microwave frequency of 263 GHz and a 29Si frequency of
79.2 MHz.[9] The wide-bore 9.4 T NMR magnet was equipped with a
double-resonance 1H/X 3.2 mm low-temperature probe. The sample
was placed in a 3.2 mm ZrO2 rotor. The 29Si NMR spectra enhanced
by direct DNP were recorded using the pulse sequence displayed in
Figure 1a. Unless otherwise specified, the experimental parameters
are those indicated in the caption of Figure 1b.

Additional details about the experimental procedures are given
in the Supporting Information.
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