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Sample preparation

The laponite R© RD (1) was purchased from Rockwood Additives Ltd., Widnes
(UK). It is a trioctahedral 2:1 phyllosilicate with the empirical formula Na0.7
[Si8Mg5.5Li0.3O20(OH)4]. Samples for solid-state DNP NMR experiments
were prepared by dispersing at room temperature (20 ◦C) about 100 mg of 1

in about 340 mg of 20 mm TOTAPOL [1] solution in [2H6]-DMSO/2H2O/H2O
mixture (78/14/8 w/w/w). The mixture was stirred vigorously until the for-
mation of a viscous, translucent and yellowish gel.

The bentonite (2) is taken from an Oxfordian (Upper Jurassic) deposit
in Paris bassin and primarily consists of montmorillonite, a dioctahedral 2:1
phyllosilicate. 2 may also contain traces of feldspar, quartz, calcite, and
gypsum. The empirical formula of 2 is Ca0.2(Al,Mg)2Si4O10(OH)2-4H2O. In
2, the montmorillonite platelets exhibit a uniform height of 1 nm, whereas
they vary in both shape and size. The longest chord inside the platelet ranges
from 5 to 750 nm and its average value is about 300 nm. [2,3] Samples for solid-
state DNP NMR experiments were prepared by dispersing about 100 mg of
2 in about 290 mg of 20 mm TOTAPOL solution in [2H6]-DMSO/2H2O/H2O
mixture (78/14/8 w/w/w). 2 and the solution were stirred vigorously until
the formation of a colloidal suspension. After three days, the sample was
centrifuged during 5 min at a relative centrifugal force of 12,110 to remove
the excess of solution.

The impregnated samples were placed into a 3.2 mm sapphire rotors for
DNP experiments.

EPR experiments

X-band EPR experiments were performed using a Bruker Biospin ELEXYS
E580E spectrometer. The spectra were recorded with respectively 2 mW
microwave power and 0.5 G of amplitude modulation. Spin concentration of
sample was determined by full spectra integration.

Figure S1a shows the EPR spectrum of 1. The signal-to-noise ratio of
this spectrum is close to 2 and hence the concentration of electron spins,
ce[spins.g−1], expressed in spins.g−1, is comparable to the lower limit of de-
tection of the EPR spectrometer, i.e. 1013 spins.g−1. The concentration of
electron spins, ce[m], expressed in m, is

ce[m] =
103ce[spins.g

−1]ρb
NA

≈ 2× 10−8
m (S1)
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Figure S1: 9 GHz continuous wave EPR spectra of (a) 1 and (b-c) 2. The spectrum
c is an expansion of spectrum b, centered on the signal of the Mn(II) sites. The
spectra were recorded at room temperature and the samples were powders. The
EPR intensities are expressed in an arbitrary unit, which is identical for the three
spectra.
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where ρb ≈ 1 kg.dm−3 is the bulk density of 1 and NA is the Avogadro
number.

In Figure S1b, the narrow resonance centered about g ≈ 4.3 was at-
tributed to octahedrally coordinated high spin (S = 5/2) Fe(III) atoms,
which substitute Al(III) atoms in the octahedral layer of montmorillonite. [4,5]

The broad resonance (∆B > 103 G) at about g ≈ 2 stems from iron (III) ox-
ides which are often present in 2 ores. [4,5] The concentration of electron spins
for iron oxide was estimated to be in the order of 1017 spins g−1. However, the
unpaired electrons in iron oxide are submitted to ferromagnetic interactions,
which can bias the measurement of electron spin density. In addition, narrow
resonances are superimposed to the iron oxide signal. An expansion of these
resonances after baseline correction is shown in Figure S1c. This spectrum is
a powder lineshape centered at g ≈ 2, which consists of six intense resonances
and weaker doublets, which appear between the intense resonances. These
spectral features are characteristic of high-spin (S = 5/2) Mn(II) sites with
axial symmetry. [6] The splitting in six resonances results from anisotropic
hyperfine coupling with 55Mn nucleus of nuclear spin I = 5/2, whereas the
weak doublets stem from forbidden hyperfine transitions corresponding to
the changes, ∆mS = ±1 and ∆mI = ±1, in the azimuthal quantum numbers
of the unpaired electron and 55Mn nucleus. The Mn(II) sites in montmoril-
lonite were ascribed to interlayer Mn(II) ions. [6] The density of electron spins
corresponding to Mn(II) sites was determined using MnCl2 as a reference and
is equal to 2.6× 1016 spins g−1.

DNP experiments

All solid-state DNP MAS experiments were performed on a commercial
Bruker BioSpin Avance III DNP spectrometer operating at a microwave fre-
quency of 263 GHz and a 29Si frequency of 79.2 MHz. [7] 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 sapphire rotor. DNP
experiments are usually performed at cryogenic temperatures because elec-
tron and nuclear relaxation processes slow with decreasing temperature. [7,8]

Sample temperature of 98 K was achieved and controlled under MAS condi-
tion using a Bruker BioSpin low-temperature MAS cooling system. The sam-
ple temperature corresponds to the calibrated temperature with microwave
off. During the DNP MAS experiment, a gyrotron generated continuous
microwave irradiation, which was delivered to the sample by a corrugated
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waveguide. The microwave power at the position of the sample was approxi-
mately 6 W. The NMR spectra were recorded at νr = 8 kHz and result from
averaging 8 transients. A SPINAL-64 decoupling with 1H radiofrequency (rf)
nutation frequency of 100 kHz was applied during the acquisition. [9] The in-
direct DNP 29Si NMR spectra were recorded using a CP-MAS pulse sequence
(see Figure S2a) in order to transfer the DNP-enhanced 1H polarization to the
29Si nuclei. [10,11] The indirect DNP 29Si NMR experiments used a microwave
polarization time, τµw = 5 s, a 1H 90◦ pulse length of 2.5 µs, a contact time
of 2 ms, a constant 29Si rf nutation frequency of 50 kHz and a linear ramp
of 1H rf nutation frequency between 30 kHz and 33 kHz. The direct DNP
29Si NMR spectra were recorded using a 29Si 90◦ pulse length of 4.2 µs and
background suppression (see Figure S2b). [12] Furthermore, the background
29Si signal of the probe was carefully subtracted by recording the DNP 29Si
NMR spectra of the empty rotor under identical experimental conditions. In
direct 29Si DNP experiments, the equilibrium 29Si Boltzmann was eliminated
by a presaturation, consisting of a train of hundred 90◦ pulses, separated by
a delay of τps = 60 µs. The 29Si chemical shifts are referenced to tetramethyl-
silane using the shielded resonance (−9.8 ppm) in the 29Si NMR spectrum
of tetrakis(trimethylsilyl)silane as a secondary reference.
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Figure S2: (a) Pulse sequence used for 1D indirect DNP MAS experiment. The
longitudinal 1H polarization develops during τµw and is finally transferred to 29Si
nuclei using a CP step. (b) Pulse sequence used for 1D direct DNP MAS exper-
iment. The longitudinal 29Si polarization builds up during the microwave polar-
ization time, τµw. The same experiment without microwave irradiation serves as a
reference for the measurement of signal enhancement by direct DNP.

6

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013



Location of Q2 sites

We assume that (i) the silicon atoms are located on the lattice points of a
hexagonal two-dimensional lattice, (ii) the NP has the shape of a regular
hexagon, (iii) the silicate sites at the edge of the NP are Q2 sites. This type
of structure is depicted in Figure S3. Under these assumptions and taking
into the account the two silicate disks in 1 NP, the numbers of Q2 sites at
the NP edges, N(Q2edge), and of internal silicon atoms, N(Qint), not located
on the edges are

N(Q2edge) = 12k (S2)

and
N(Qint) = 12k(k − 1) (S3)

respectively. The index k denotes the number of concentric siloxane rings. It
increases from the center to the periphery of the NP. Therefore, we have

N(Q2edge)

N(Qint)
=

1

k − 1
(S4)

Furthermore, the upper and lower bounds for the diameter, d, of the NP are

2
√
3ka ≤ d ≤ 4ka (S5)

where a is the edge length of silicate tetrahedron and 2
√
3ka and 4ka are

the diameters of the inscribed and circumscribed circles, respectively (see
Figure S3). In the crystal structure of talc, which is structurally related to
1, the length a varies between 2.64 and 2.66 Å. [13] Similar range for a is
expected in 1. Furthermore, using small-angle X-ray scattering and small-
angle neutron scattering, the diameter of 1 nanodisks has been found in the
range 25–30 nm. [14,15] Therefore, it can be deduced from Eq. S5 that the k
value is in the range 24–32 and hence from Eq. S4, we have

N(Q2edge)

N(Qint)
< 0.04. (S6)

The above equation shows that the ratio N(Q2edge)/N(Qint) differs from the
ratio of integrals rA = A(Q2)/A(Q3) = 0.08 in the quantitative 1D 29Si NMR
spectrum [not shown]. Consequently, the internal silicon atoms are not all
Q3 sites and there must be internal Q2 sites. The number of internal Q2
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Figure S3: Silicate framework of the tetrahedral sheet in a NP of 1. The plane of
the figure corresponds to the plane of the tetrahedral sheet. The triangles are the
bases of silicate tetrahedra.
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sites, Q2int, can be estimated from the k and rA values by solving the system
of linear equations, including Eqs. S2 and S3, and the following ones

N(Q2) = N(Q2edge) +N(Q2int) (S7)

where N(Q2) is the total number of Q2 sites in one NP of 1,

N(Qint) = N(Q2int) +N(Q3) (S8)

where N(Q3) is the number of Q3 sites in one NP of 1,

N(Si) = N(Q2) +N(Q3) (S9)

where N(Si) is the number of silicon atom in one NP of 1,

N(Q2)

N(Q3)
= rA. (S10)

The expressions of N(Q2int) and N(Si) derived from the above equations are

N(Q2int) = 12k
(k − 1)rA − 1

rA + 1
(S11)

and
N(Si) = 12k2, (S12)

respectively. Consequently, the N(Q2int) value ranges from 228 to 533,
whereas the N(Si) value ranges from 3450 to 6150, depending on the di-
ameter of the 1 NP. According to the empirical formula of 1, the number
of Li atoms ranges from 130 for N(Q2int) = 228 to 230 for N(Q2int) = 533
and hence there are about two Q2 sites for each Li atom. The presence of
the internal Q2 sites might be related to the substitution of Mg2+ by Li+.
Furthermore, the amount of internal Q2 sites is estimated at about 44–58%
of the total number of Q2 sites and at about 6.6–8.7% of the total number
of silicon atom in 1. These estimates agree with the amount of Q2 sites that
do not react during the functionalization of 1 with organic molecules. [16,17]

Additional experiments and first-principle calculations will be required to
determine the exact structure of the internal Q2 sites.
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Comparison of 29Si NMR spectra enhanced by direct and

indirect DNP

−70 −80 −90 −100 −110

Figure S4: Natural abundance 29Si NMR spectra of 1 obtained via indirect DNP
and direct DNP with τµw = 120 s [direct DNP (120)] or 2300 s [direct DNP (2300)].
The indirect and direct DNP (120) spectra are identical to those of Figure 2, but
they are scaled to the same absolute intensity in order to show the broadening of
29Si NMR signal in direct DNP experiments. The fullwidth half-height (FWHH) of
Q3 site is 440 Hz in the direct DNP with τµw = 120 s and 300 Hz with τµw = 2300 s,
whereas it is 250 Hz in spectrum enhanced by indirect DNP.
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Estimate of transfer depth in direct 29Si DNP

We show below that the transfer depth of direct 29Si DNP can be estimated
from the fullwidth at half height (FWHH) of Q3 signals. The 29Si transverse
relaxation rate, 1/T2(

29Si), governed by 29Si-TOTAPOL interactions repre-
sents a lower bound for FWHH. Hence, assuming an exponential decay of
the 29Si NMR signal, we have

FWHH ≥
1

πT2(29Si)
. (S13)

The T2(
29Si) relaxation of Q3 contributing to FWHH is governed by the fluc-

tuations of the dipolar interactions between 29Si and TOTAPOL [18] since (i)
in solids, the Curie relaxation [19] is absent [20], (ii) the contact relaxation [21]

only dominates for nuclei at a distance shorter than 4 Å from the unpaired
electrons [22] and (iii) at MAS frequency of 8 kHz, the signal of nuclei at a dis-
tance of few angstroms from the TOTAPOL is quenched by electron-nucleus
interactions. [23] Assuming that the point-dipole-approximation holds for the
TOTAPOL-29Si interaction and that the electron g-tensor is isotropic, the
1/T2(

29Si) rate via electron-nucleus dipolar interactions is given by [18,24,25,19,22]

1

T2(29Si)
=

S (S + 1)

15

[

µ0

4π

~γ(29Si)γe
r3

]2 [

4T1e +
3T1e

1 + ω2(29Si)T 2
1e

+
6T2e

1 + ω2
eT

2
2e

+
T2e

1 + [ω(29Si)− ωe]2T 2
2e

+
6T2e

1 + [ω(29Si) + ωe]2T 2
2e

]

,

(S14)

where µ0 is the magnetic constant, ~ is the reduced Planck constant, γe
and γ(29Si) are the gyromagnetic ratios of electron and 29Si nucleus, S is
the effective spin number for TOTAPOL, which is 1/2 or 1 depending on
the coupling between the two unpaired electron, r is the TOTAPOL-29Si
distance, T1e and T2e times are the longitudinal and transverse electron re-
laxation times, ω(29Si) and ωe are the 29Si and electron Larmor frequencies.
As ω(29Si) = 79.4 MHz ≪ ωe = 263 GHz, Eq. S14 can be recast as [19,22]

1

T2(29Si)
=

S (S + 1)

15

[

µ0

4π

~γ(29Si)γe
r3

]2 [

4T1e +
3T1e

1 + ω2(29Si)T 2
1e

+
13T2e

1 + ω2
eT

2
2e

]

.

(S15)
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The combination of Eqs. S13 and S15 yields a lower bound for r

r ≥
{

S (S + 1)

15

[µ0

4π
~γ(29Si)γe

]2 1

πFWHH
×

[

4T1e +
3T1e

1 + ω2(29Si)T 2
1e

+
13T2e

1 + ω2
eT

2
2e

]}1/6

.

(S16)

The right member of the above equation depends on the electron relaxation
times. EPR measurements at B0 = 3.35 T on TOTAPOL in frozen so-
lution yielded T1e = 554 µs and T2e = 1.6 µs. [26] For radicals in glassy
organic solvents, the dominant relaxation mechanism of the electron spin is
the second-order Raman process, which is independent of B0. [27,26] Hence,
the T1e and T2e values at B0 = 9.39 T should be close to those determined at
B0 = 3.35 T. For τµw = 120 s, the FWHH in direct 29Si spectrum is 440 Hz.
Consequently the r distance must be longer than 3.0 nm for S = 1/2 or
3.5 nm for S = 1 according to Eq. S16.
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