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Abstract 

My PhD work focused on two topics: (i) the extension of Dynamic Nuclear Polarisation 
(DNP) to inorganic and hybrid materials and (ii) the development of advanced NMR methods 
to probe the atomic-level structure of solids. 

In the field of DNP NMR, my PhD work aimed at demonstrating that DNP sensitivity 
enhancement can provide new insights into the structure of inorganic and hybrid materials. 
The extension of DNP NMR to new classes of materials requires the development of novel 
approaches for (i) the incorporation of the polarizing agent and (ii) the polarization of the 
nuclei. For mesoporous silica, we demonstrated that functionalization with nitroxide radicals 
is an alternative to post-synthesis impregnation. This approach permits us to show that 
solvent-free DNP benefits from faster polarization build-up. 

Furthermore, we have shown that DNP is feasible for nanoparticles dispersed a frozen 
solution containing exogenous radicals. This dispersion protocol is expected to become a 
standard for the DNP of nanoparticles, since they are often dispersed in a liquid phase to 
prevent their aggregation. The DNP sensitivity enhancement has allowed an easy observation 
of defects located on the edges or the surfaces of the nanoparticles. The complementarity of 
DNP cross-polarization (CP) and direct polarization (DP) has also been demonstrated. 

We have also demonstrated that the DNP sensitivity enhancement has enabled the detection 
of Al-Al proximities and has shown the bridging role of penta-coordinated aluminium sites 
between tetra- and hexa-coordinated aluminium sites. We have shown also that 27Al-13C 
proximities in the microporous metalorganic framework MIL-100(Al) can be probed using 
advanced 27Al-13C NMR methods boosted by DNP. 

Besides, we have also shown in the case of functionalized mesoporous silica nanoparticles 
loaded with surfactants that DNP CP-MAS can be used to enhance NMR signals of 13C and 
29Si nuclei located at several hundred nanometers from the polarizing agent. The DNP- 
enhanced 1H magnetization is transported through the mesopores via 1H-1H spin diffusion. 

In addition, we have systematically analyzed the different contributions to the sensitivity 
enhancement in 13C and 29Si CP-MAS experiments of functionalized mesoporous silica 
nanoparticles. Specifically, we separated contributions due to: (i) microwave irradiation, (ii) 
quenching by paramagnetic effects, (iii) the presence of frozen solvent, (iv) the temperature, 
as well as changes in (v) relaxation and (vi) cross-polarization behavior. 

The second part of the thesis focused on the development of conventional NMR methods, 
including (i) tunable homonuclear dipolar decoupling for 1H high-resolution NMR and (ii) 
novel cross polarization (CP) pulse sequence to probe proximities between half-integer 
quadrupolar isotopes. We analyzed the performance of novel 1H homonuclear decoupling 
sequence, called TIMES and TIMES0, under different MAS frequency regimes (from 10 to 
64 kHz). In particular, we have shown that at MAS frequency of 64 kHz, efficient 1H 
homonuclear decoupling can be achieved by moderate radiofrequency field strength (40-50 
kHz). We have also developed multiple-pulse CP to probe proximities between distinct 
quadrupolar isotopes. This sequence is more robust with respect to offset and Rotary 
Resonance Recoupling detrimental effects than the conventional continuous wave CP 
transfer. This novel methods was applied to observe 27Al-17O proximities in 17O-enriched 
alumina and 27Al-11B proximities in oxide glasses. 
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Chapter 1 

Dynamic Nuclear Polarization NMR (DNP NMR) 

 

1.1.  Solid-state NMR and sensitivity 

Solid-state NMR (ssNMR) spectroscopy is a powerful technique capable of providing 

information regarding both the structure of materials and the dynamics of processes occurring 

within the materials. It has been applied to the study of a wide range of materials1, 2 including 

polymers, catalysts, glasses, materials for energy (battery, solid-oxide fuell cells), 

biomaterials (bones, drug delivery…), minerals, pharmaceuticals, and foodstuffs. However, 

the poor sensitivity of ssNMR limits its ability to observe surface sites or defects containing 

nuclei with low gyromagnetic ratios and/or low natural abundance such as 29Si and 13C. This 

intrinsic limitation stimulated active research on methods with superior sensitivity. The 

sensitivity of NMR spectroscopy can be improved by either two of general routes. The first of 

these is to design more sensitive detection schemes, including cryoprobes3, microcoils4, 

mechanic detection by cantilever5, optical detection by light beam6 and magnetometer7, 8. The 

second route to more sensitive NMR is enhancing the starting polarization. This route 

includes the use of high magnetic fields9 and of low temperature10. Nuclear polarization can 

also be enhanced by exciting high-γ nuclei and transferring their polarization to low-γ 

nuclei11-13 gases, Nuclear polarization can also be enhanced by transferring polarization 

between electrons and nuclei. This transfer can be achieved during a chemical reaction 

namely Chemical Induced Dynamic Nuclear Polarization14, (CIDNP) or by using microwave 

fields (Dynamic Nuclear Polarization, DNP15-17). Another strategy, Parahydrogen Induced 

Polarization18 (PHIP) is based on the correlation between a particular quantum mechanical 

spin state and a rotational state in diatomic hydrogen.  Another method, known as the Haupt 

effect, involves the conversion of rotational energy during a fast temperature jump into 

nuclear polarization19, 20. Furthermore, the polarization of excited electrons is transferred via 

spin exchange optical pumping (SEOP) to noble gas nuclei such as 3He, 129,131Xe and 83Kr to 

generate highly polarized gases for MRI applications, characterization of porous media and 

surfaces21. Among these techniques, DNP at high magnetic field under Magic Angle 

Spinning (MAS) conditions benefits from sensitivity enhancement of several orders of 

magnitude, high spectral resolution owing to high magnetic field and MAS and is applicable 
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for a wide range of systems, including biomolecules, small organic molecules, membrane 

systems, porous materials, nanomaterials. 

1.2 History of DNP 

DNP was discovered by Overhauser, who proposed to enhance the nuclear spin system 

polarization by electronic cross relaxation in 195316. This prediction was later experimentally 

proved by Carver and Slichter in metallic lithium15, 17 (Fig.1.1) using a static magnetic field 

B0=0.003 T (corresponding to an NMR frequency of 50 kHz and an ESR frequency of 84 

MHz). Afterwards, Overhauser’s idea was extended to other systems like dielectric solids and 

electron-nuclear spin systems in liquid state22. For dielectric solids, additional DNP 

mechanisms, including solid effect, cross effect and thermal mixing, have been proposed (see 

section 1.4). Various papers on the solid effect involving a coupled electron and nuclear spin 

in a dielectric system were published by Abragam23, 24. During 1960s, several publications 

illustrated the cross effect in a system consisting of two coupled electrons and one nuclear 

spin25, 26. Polarization transfer between many coupled unpaired electrons and nuclei has been 

described in thermodynamic terms at the late 1970s23, 27.   

 

 

 
 
Fig.1.1. DNP experiment performed by Carver and Slichter. Top: The noisy 7Li resonance. Middle: 
The 7Li resonance enhanced by electron saturation. Bottom: Proton resonance in glycerin sample17.  
 

Narrow line width in solid state NMR spectra was obtained when Wind and Yanoni 

combined DNP with MAS and they successfully studied 13C solid state NMR spectra of 

charcoal and diamond28,29. Another milestone in the history of DNP NMR is the study of 

polymers using DNP by Schaefer et al.30 They studied polymers by using DNP at 1.4 T which 
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corresponds to 40 GHz ESR and 60 MHz 1H NMR frequency. Detailed investigation on the 

enhancement of nuclear polarization in liquids by the Overhauser effect (OE) was done by 

Hausser, Stehlik and Muller Warmuth31, 32. They achieved high polarization at low magnetic 

fields which rapidly diminished when the microwave frequency exceeded the inverse 

rotational or translational correlation time of the radical-solvent mixture.  

High-field DNP-NMR has been limited by the dearth of microwave sources operating at 

frequency higher than 130 GHz. After 1990s, Griffin’s group at MIT regenerated the interest 

in DNP by using high frequency microwave sources, which are cyclotron resonance masers, 

also called gyrotrons,33-35 and Gunn diodes34. The gyrotrons were introduced into the DNP 

into the early 1990s at 140 GHz33, and more recently at 250 GHz36-38 and 460 GHz. for 

enhancing the polarization in high field NMR experiments under MAS. 

High-field DNP-NMR instrumention has allowed the Griffin’s group to investigate 

biomolecular systems. In particular, they have investigated the protein T4 lysozyme in frozen 

glycerol-water solutions by DNP and have obtained for such system an enhancement factor 

of 10039. In 2001, Melanie et al. demonstrated that it is possible to efficiently polarize fd 

bacteriorhodopsin (bR) and its accompanying lipids by DNP and compared the DNP signal 

enhancements in the 15N and 31P spectra40. Furthermore, they have shown that 1H spin 

diffusion can distribute the enhanced polarization inside the capsid, which is not in direct 

contact with the bulk solvent and thus it provides an efficient mechanism for dispersing 

enhanced polarization throughout a large macromolecule. In 2006, van der Wel et al. 

demonstrated the efficient transfer of DNP-enhanced 1H polarization via 1H-1H spin diffusion 

from an aqueous, radical-containing solvent matrix into peptide crystals across the matrix-

crystal interface39. The samples consist of nanocrystals of the amyloid-forming peptide 

GNNQQNY7-13 dispersed in a glycerol-water matrix containing a biradical polarizing agent, 

TOTAPOL.  

In the mean time, Hu et al studied the important parameter which governs the efficiency of e-

-e- dipole coupling in the three spin TM and CE processes41. Thus, it should be possible to 

optimize the enhancements in DNP experiments by constraining the distance between the two 

unpaired electrons. They have demonstrated the validity of this concept with experiments that 

employ biradical polarizing agents consisting of two 2,2,6,6- tetramethylpiperidinyl-1oxyl 

(TEMPO) radicals tethered by a poly- (ethylene glycol) chain. Strong arguments in favour of 

the 3-spin CE were advanced recently by the Griffin group42. Thus they could achieve the 

signal enhancements up to 330 even at higher magnetic fields using the cross effect with 
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biradicals as DNP agents. They showed that the highest polarization enhancement for protons 

can be achieved with the use of biradicals, such as TOTAPOL and others, which provide a 

splitting of the EPR line due to the intramolecular ss interaction between two unpaired 

electrons. After this pioneering work, the innovative solid state DNP-NMR technology of 

Professors Robert Griffin and Richard Temkin at MIT was commercialized by Bruker. 

Bruker’s 263 GHz DNP-NMR spectrometer was the world’s first commercially available 

solid-state DNP-NMR systems43. . More recently 395 and 527 GHz DNP-NMR system has 

been commercialized by Bruker BioSpin. Owing to the recent availability of commercial 

DNP solid-state NMR instrument, this technique has been applied recently to study different 

materials like porous materials, pharmaceuticals, cell walls, cellulose...44-46. The details of 

recent materials study are explained in section 1.7. In just a few years we have seen a 

tremendous growth in DNP-NMR applications in the areas of biological solids and material 

science research. 

Concurrently there have been theoretical works to describe DNP machanisms at high 

magnetic field under static and MAS conditions42, 47-60. Historically the DNP mechanisms 

have been described phenomenologically by rate equations describing the evolution of the 

nuclear spin magnetization of the bulk under continuous microwave irradiation61-64. Recent 

theoretical work has focused on the quantum mechanical description of the solid effect47, 48, 54, 

55, the cross effect49, 50, 56 and the thermal mixing57-60 under static conditions as well as that of 

the solid effect and the cross effect under MAS conditions52, 53. In 2012, Tycko’s and Vega’s 

groups have shown the difference between DNP under static and MAS conditions and the 

importance of time-dependent avoided energy-level crossings.  

The development of DNP-NMR equipement under MAS at sub-liquid nitrogen temperatures 

(T < 90 K) is also an active field of DNP-NMR instrumentation. The group of Fujiwara has 

developed a solid-state NMR apparatus with DNP and MAS at 14 T, 30 K and MAS 

frequency of about 3 kHz for 4 mm rotors.65 In this system, cold helium gas is used for both 

sample-cooling and –spinning. The group of Tycko has described a solid-state NMR 

spectrometer with DNP and NMR at 20–25 K, 9.4 T and MAS frequency of 6.8 kHz.66 Their 

MAS NMR probe uses helium to cool the sample space and nitrogen gas for MAS drive and 

bearings67. The group of de Paëpe at CEA Grenoble (France) also develops in collaboration 

with Bruker BioSpin a system for solid-state DNP-NMR under MAS at T < 90 K. Another 

important development for DNP-NMR instrumention is that of low-temperature MAS DNP-
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NMR probe, which are able to spin the sample at MAS frequency higher than 20 kHz. Bruker 

BioSpin currently develpos such probe for rotor with outer diameters of 1.9 and 1.3 mm.    

 
1.3 EPR (Electron Paramagnetic Resonance) Spectral Parameters affecting the DNP 

transfer 

DNP consists in the transfer of spin polarization from electrons to nuclei. This polarization 

transfer requires continuous microwave irradiation at a frequency close to the corresponding 

electron paramagnetic resonance (EPR) frequency when the electron spin system is in a 

thermal equilibrium. The EPR parameters which affect the DNP transfer are g-tensor 

hyperfine coupling tensor, the electron-electron dipolar coupling and the electron relaxation 

times. 

 

Relaxation Processes 

If electrons were to be continually raised from a low energy level to a high level then the 

populations of the two energy levels would equalize and there would be no net absorption of 

radiation. In order to maintain a population excess in the lower level, the odd electrons from 

the upper level give up the hν quantum to return to the lower level and satisfy the Maxwell – 

Boltzmann law. The release of this energy occurs via a spin relaxation process. These process 

are of two type called spin-lattice relaxation and spin-spin relaxation.  

In the case of spin-lattice relaxation, the energy is degenerated within the lattice as 

vibrational, rotational or translational energy ie, as phonons. The mechanism by which this 

degeneracy occurs is known as spin-lattice relaxation characterized by an exponential decay 

of energy as a function of time. The exponential time constant denoted as T1e and is called the 

spin-lattice relaxation time. In the case of spin-spin relaxation the initial equilibrium is 

reached by an exchange of energy between the spins without transfer of energy to the lattice. 

This phenomenon is characterized by a time constant T2e called the spin-spin relaxation time. 

T2e increases with decreasing spin concentration, that is, the average electron-electron 

distance in the system. In some cases the EPR lines are broadened beyond detection. In such 

cases, cooling the sample increases T1e and usually leads to detectable lines as T1e is inversely 

proportional to the absolute temperature (T1e ∝ T-n) with n depending on the precise 

relaxation mechanism. Thus, EPR experiments are often performed at liquid nitrogen (77 K) 

or liquid helium (4 K) temperatures. On the other hand, if the spin-lattice relaxation time is 

too long, electrons do not have time to return to the ground state. The populations of the two 
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levels (α and β) tend therefore to equalize and the intensity of the signal decreases, being no 

longer proportional to the number of spins in the sample itself. This effect is known as 

saturation.   

 

g-factor 

A dimensionless scalar quantity which characterizes the magnetic moment and gyromagnetic 

ratio of an electron is called g-factor. The g-factor determines the center of gravity of EPR 

spectrum. The microwaves in Bruker DNP NMR system irradiates EPR transition at g ≈ 2. 

DNP experiments are usually performed using radicals dispersed in frozen solution and hence 

it gives anisotropic spectra.  

 

Hyperfine coupling 

The interaction between the magnetic moments arising from the electron spin and the 

surrounding nuclear spins in an applied magnetic field is called hyperfine coupling. When the 

paramagnetic species has magnetic anisotropy the hyperfine coupling is the expressed by a 

3x3 matrix. The hyperfine coupling is due to two main mechanisms which are the Fermi 

contact interaction (isotropic interaction) and dipolar interaction (anisotropic interaction). The 

combination of the g-anisotropy and the hyperfine interaction gives rise to the 

inhomogeneous broadening. The hyperfine coupling constant 'A' is directly related to the 

distance between peaks in a spectrum and its magnitude indicates the extent of delocalization 

of the unpaired electron over the molecule.  

         A=gμe/ΔB                                                                                                     (1) 

where g is g-factor, μe  is the Bohr magneton and ΔB is difference in magnetic field strengths. 

 

Dipolar broadening (homogeneous broadening) and g-Anisotropy (inhomogeneous 

broadening) 

The lines of the EPR spectra can be homogeneously or inhomogeneously broadened. 

Depending on the radical concentration, the distance between the unpaired electrons can be 

short enough to observe a mutual perturbation through the electron-electron dipolar 

interaction. This interaction results in a broadening of the EPR lines called dipolar 

broadening or homogeneous broadening. A homogeneous line is a superposition of spin 

packets with the same resonance field and the same width. 
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The electron Zeeman interaction depends on the absolute orientation of the molecule with 

respect to the external magnetic field. An inhomogeneously broadened line consists of a 

superposition of spin packets with distinct, time-independent resonance fields. The sources of 

the inhomogeneous broadening can include inhomogeneous external magnetic field(s), g-

strain, unresolved hyperfine structure, and anisotropy of the magnetic interactions in 

orientation-disordered solids. This definition of lineshapes is particularly important in pulsed 

EPR spectroscopy because the behaviour of the spin system in a pulsed experiment depends 

on the type of line broadening leading to the overall contour.  

 
1.4 Theory of DNP 

1.4.1 Polarization transfer mechanisms 

The general principle of DNP mechanisms consists in the transfer of the polarization from 

unpaired electrons to nuclei, using the irradiation at or near the frequency of the EPR line of 

the electron. At sufficiently low temperatures, this process exploits around 100% polarization 

transfer from electrons. The concentration of unpaired electrons in NMR samples has to be 

dilute to reduce the paramagnetic broadening of NMR. Thus the rate of polarization transfer 

from electrons to bulk nuclei is slow and often regulated by the nuclear spin-lattice relaxation 

time T1. At the same time, optimal electron T1e and T2e are required to be in the range of 

micro- to milliseconds to simultaneously facilitate efficient microwave saturation of electron 

spin polarization essential for DNP mechanisms and fast turnover rates (which require small 

T1e) in multiple polarization transfers. Furthermore, homonuclear spin diffusion that assists 

polarization transfer from dilute electron spins to bulk nuclei is more effective with a long 

nuclear relaxation time. In addition, 1H-1H spin diffusion is essential when the NMR system 

of interest is not available to polarizing agents. The efficient 1H-1H spin diffusion permits 

separation of the nuclear spins of interest from the electron spins to maintain resolution of the 

enhanced NMR spectra. Additionally, for compounds with long T1(1H), the optimal repetition 

delay is decreased due to spin diffusion from the fast relaxing surface coating.  

The transfer of polarization is initiated by irradiation at or close to the electron Larmor 

frequency, and the transfer involves simultaneous nuclear and electron spin transitions, 

during the irradiation or induced by relaxation. 

The overall Hamiltonian of an electron-nuclear spin system in a magnetic field is given by:  

                      H = ωeSZ + ωnIZ +  Hee + Hen + Hnn 
                                                                         (2) 

 
7 

 



The first two terms describe the electron and nuclear Zeeman interactions, respectively, with 

ωe = − γeB0 and ωn = −γnB0, where γe and γn are the gyromagnetic ratios of electrons and 

nuclei, respectively, and B0 represents the external magnetic field strength. S and I are the 

electron and nuclear spin operators respectively.  Hee, Hen and Hnn denote the spin–spin 

interactions between electrons, electrons and nuclei and between nuclei, respectively. Hee can 

been neglected for sufficiently dilute concentrations of electrons. It becomes relevant for the 

DNP mechanisms involving several electrons, such as thermal mixing and cross effect (TM 

and CE). The electron and nuclear relaxation times also influences the DNP transfer. The 

mechanisms for the microwave-driven DNP processes are specifically classified into the 

Overhauser effect (OE), the solid-effect (SE), the cross-effect (CE) and thermal-mixing 

(TM)68-70. 

 
1.4.2 The Overhauser effect (OE) 

For metals, Albert Overhauser predicted that “if the electron spin resonance of the conducting 

electrons is saturated, the nuclei will be polarized to the same degree they would if their 

gyromagnetic ratio were that of the electron spin”. Figure 1.1. shows the experimental 

verification of the Overhauser’s theoretical concept by Carver and Slichter for metallic 

lithium dispersed in oil. This is the first DNP-enhanced NMR spectrum and the measured 

enhancement factor was about 100 fold. The OE DNP mechanism is a cross relaxation 

process which flips an electron and a nuclear spin simultaneously. The time-dependent 

dipolar and scalar interactions between the unpaired electrons and the nuclei are responsible 

for these relaxation processes. This time dependence is due to molecular motions in liquid 

and to motions of free electrons in solid-state conductors. If ω0S is the electron Larmor 

frequency, the OE should satisfy the condition ω0Sτ < 1 with τ the rotational correlation time 

of the paramagnetic species. When ω0S becomes large, this condition is difficult to satisfy. 

Thus the efficiency of the OE decreases at high magnetic fields. The principles of the OE are 

described below. 

Fig.1.2 depicts the energy level diagram for the OE. W0 and W2 represent the rates of the 

zero- and double-quantum transitions and WS and WI are the rates for the EPR transitions and 

corresponding rates for NMR transition respectively. W0
I is the nuclear relaxation rate in the 

absence of electrons. In the OE the allowed EPR transitions are saturated by microwave 

irradiations, while the zero- and double-quantum transitions induce changes in the nuclear 
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spin population resulting in the DNP effect. The enhancement by OE DNP can be expressed 

as  

       (3) 

Where <S0> is the equilibrium magnetization of S spin and <SZ> are the electron transitions. 

 

 
                      Fig 1.2. Energy level diagram for the Overhauser effect 

 

The coupling parameter depends on the scalar and dipolar couplings between unpaired 

electrons and nucleus and can have the values between −1.0 (pure scalar coupling) and 0.5 

(pure dipolar coupling). The leakage factor describes the nuclear spin relaxation by the 

electron spins and can a value between 0 (no relaxation due to the electron-nuclear coupling) 

and 1 (no other relaxation mechanisms). When the electron transitions are saturated 

completely (<SZ> = 0), the saturation factor has a value of 1. The saturation factor depends 

on the relaxation of the electrons and the microwave power.   

                                            

1.4.3 The solid effect (SE) 

After the discovery of OE, Jeffries realized that “the saturation of so called forbidden 

transitions will produce a comparable nuclear polarization directly in the sense that the 

applied radiofrequency field itself flips the nuclei” in solids71. He mentions that this had 

previously been observed by Pound72 and theoretically considered by Abragam22, who coined 
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the name “l’effet solide.” Jeffries later described the SE theoretically73, and reviewed the 

early work of DNP in 1964 74. SE requires the presence in the investigated solid of unpaired 

electrons exhibiting a homogeneous EPR linewidth (δ) and an inhomogeneous spectral 

breadth (Δ) smaller than the nuclear Larmor frequency (δ,Δ<ω0I). Fig.1.3. shows the energy 

level diagram for SE. The enhancement is driven by the forbidden flip-flop (W0) and flip-flip 

(W2) transitions using microwave irradiation at the corresponding resonance frequencies. 

   
Fig1.3. Energy level diagram for the SE, which is driven by forbidden single and double quantum 

transitions (W0 and W2, dotted lines) 

SE is a two spin process and it is associated with mixing of states caused by the nonsecular 

component (pseudo secular term) B of the hyperfine coupling. B contains the spin operators 

EZN+ and EZN- where E and N denotes electron and nuclear spin operators respectively). 

These terms lead to a mixing of the electron and nuclear states under the influence of 

microwave irradiation. The effective nutation frequency can be expressed by the  

                                                                 (4) 

where ω is the microwave frequency, and (ω0e – ω) represents the detuning of the microwave 

frequency with respect to the resonance frequency of the electron spin. ω0e , and ω1e is the 

strength of the microwave field B1, The mixed states are generated from the original states 

with a coefficient p. This coefficient can be calculated by the first order perturbation theory 

and is given by 

p = -  . sinθ cosθ                                                                              (5) 

where R, θ, and Φ are the polar coordinates describing the electron-nuclear vectors. γe and γn 

are the gyromagnetic ratios of electron and neutron. The irradiation probability of zero 
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quantum or double quantum transitions is proportional to 4p2. Since p is inversely 

proportional to ω0N, the transition probability and sensitivity enhancement will be scaled with 

ω0N
-2. Thus SE is usually poorly efficient at high field. By solving the rate equations, the SE 

enhancement factor can be obtained by 

                                                                            (6) 

where WI is the rate for NMR transition. 

 

1.4.4 The cross effect (CE) 

The CE is a three-spin process discovered by Hwang et al25. It involves the interaction 

between two dipolar coupled electrons with EPR frequencies ω0S1 (electron spin 1) and ω0S2 

(electron spin 2) that satisfy the relation ω0S2− ω0S1= ω0I. This occurs when the 

inhomogeneous breadth Δ of the EPR spectrum is larger than the nuclear Larmor frequency 

ω0I and at the same time the homogeneous width must satisfy the condition δ< ω0I. The 

biradical polarizing agents can be used to achieve this condition and thus the efficiency of the 

DNP effect can be improved by the presence of a dipolar coupling between the two electrons. 

The energy level diagram for CE is as shown in Fig.1.4. There are mainly 8 energy levels.  

 

 
Fig: 1.4. a) Population distribution at thermal equilibrium for a three spin system, b) negative 

enhancement caused by the saturation of the allowed EPR transitions for one of the dipolar 
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coupled electrons ω0S1 and c) Saturation of the transition corresponding to the second electron 

ω0S2 leads to positive enhancement. 

 

Fig.1.4. a) shows the thermal equilibrium spin population for a three-spin system. The 

degeneracy is obtained when there are two dipolar coupled electrons separated in frequency 

by ω0I. The microwave irradiation can the EPR transition of one of the two dipolar coupled 

electrons and the CE transitions. Negative (Fig. 1.4b) or positive (Fig. 1.4c) DNP 

enhancements are achieved depending on the electron which is saturated. The CE 

mechanisms have been applied successfully to polarize biological solids and inorganic 

materials at high magnetic fields. Additionally, CE mechanism leads to an improved 

polarization enhancements compared to SE and TM and nitroxide biradicals, such as 

TOTAPOL or bTbK, favors CE mechanism. 

 

1.4.5 Thermal mixing (TM) 

Thermal mixing is an energy exchange phenomenon between the multiple electron spins and 

the nuclear spin, which can enhance nuclear polarization. It requires the presence of a high 

concentration of paramagnetic agents with the homogeneous EPR line width larger than the 

nuclear Larmor frequency δ > ω0I. TM is similar to the CE due to the coupling of multiple 

electrons and it was developed from the concept of spin temperature based on the Provotov 

theory75, 76, in which spin systems are treated as thermodynamic ensembles. Based on this 

concept, the electron-nuclear spin system in TM can be explained as a set of three interacting 

baths, the electron Zeeman system (EZS), the electron dipolar system (EDS), and the nuclear 

Zeeman system (NZS). NZS is cooled in an energy conserving electron-electron-nuclear spin 

exchange process. Off resonance irradiation of the allowed EPR transition results in a large 

polarization gradient across the EPR line, equivalent to cooling the EDS. DNP enhancement 

may occur while this bath is in thermal contact with the NZS. The enhancement can be due to 

the direct TM of the direct coupling between the NZS and the EDS, or indirect, when both 

allowed and forbidden transitions are induced. The TM effect is less efficient compared to the 

CE. The energy level diagram for TM is as shown in Fig.1.5. A multi-spin system involving 

multiple electrons and one nuclear spin is sketched and the electron-nuclear transitions are 

indicated with dashed lines. The probability of these transitions can be large when 

degeneracy exists between the states with opposite nuclear spin quantum numbers. 
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               Figure 1.5: (a) Energy level diagram for thermal mixing (TM).  

 

 

1.5 Polarizing agents 

During the past 60-years history of DNP, CW-microwave polarization mechanisms have been 

categorized as belonging to the OE, the SE, CE or TM which are already explained in the 

above section. OE occurs with mobile electrons in gases and liquids and in conducting solids. 

Polarization transfer in OE relies on electron-nuclear cross relaxation, and the efficiency 

depends on the correlation time of the underlying stochastic modulation of electron-nuclear 

interactions. DNP experiments in aqueous solutions have shown unexpected OE 

enhancements at 3–9 T using nitroxides in aqueous systems. An enhancement factor of −20 

was measured from Fremyl salt, Na2(SO3)2NO• and typical nitroxide radicals in water. 

Molecular dynamics simulations of nitroxide and explicit water molecules showed 

unexpectedly short correlation times (< 5 ps) involving NO• … H-O-H contact77.  

Currently the DNP for non-conductive solid-state samples relies mainly on time-independent, 

spin-spin interactions for significant electron– nucleus polarization transfer mechanisms such 

as the SE, CE or TM, involving one, two or multiple electron spins, respectively. Hence, the 

mechanism of the DNP experiment depends on the choice of the polarizing agent and its 

concentration within the sample. The DNP mechanism and enhancement are also influenced 

by factors, such as the width of the EPR spectrum, the radical solubility and the relaxation 

times of the unpaired electrons. SE requires the homogeneous linewidth of the radical is less 

than the nuclear Larmor frequency. The TM and CE mechanisms are the dominant mecha- 
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nisms when the breadth of the EPR spectrum is large compared to the nuclear Larmor 

frequency. If the EPR spectrum is homogeneously broadened, the TM governs the DNP 

process. The CE, on the other hand, is the dominant mechanism when the EPR spectrum is 

inhomogeneously broadened.  

Furthermore, the polarizing agents are of two types. Exogenous ones include mono- or 

biradical or metal ion added to the system, whereas endogenous ones are paramagnetic 

centers present inside the sample. Endogenous polarizing agents, which have been used 

hitherto, include conduction electrons of metals15, semiconductors78 or organic conductors 

(trans-polyacetylene, (fluoranthenyl)2PF6)79, 80 as well as dangling bond in coal28, 29, diamond 

film81, ceramics82 (Si–C–N ceramic fibers formed by the pyrolysis of cured 

hydridopolysilazane polymer)  and the stable, naturally occurring radical in a protein (the 

flavin mononucleotide semiquinone of flavodoxin).83 Exogenous polarizing agents includes 

metal ions (Tm2+ in CaF2,
84

 Nd3+ in La2Mg3(NO3)120.24H2O)85 and stable organic radicals 

(trityl, BDPA, nitroxide radicals). Polymers, such as polystyrene, doped with BDPA have 

been investigated by DNP28, 30, 33. However, trityl and BDPA radicals exhibit narrow EPR 

lines and 1H magnetization is enhanced mainly via SE. This mechanism is less efficient than 

CE at high magnetic field. Nitroxide based radicals/biradicals was found to be very suitable 

for the CE and TM mechanisms since its EPR line is inhomogeneously broadened and 

exceeds the 1H Larmor frequency. The development of exogenous polarizing agents efficient 

at high magnetic field is under progress for the past 10 years. Fig.1.6 shows the structure of 

some exogenous polarizing agents, which have been used for high-field DNP-NMR. 
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Figure 1.6. Polarizing agents: (1) 4-hydroxy-TEMPO, (2) 4-amino-TEMPO, (3) trityl (4) BDPA, (5) 
BTnE, n=2, 3 or 4, (6) TOTAPOL,  (7) DOTOPA-TEMPO, (8) BTOXA,  (9) BTOX, (10) BTurea, 
(11) bTbk and (12) BDPA-TEMPO.  
 
Initially high-field DNP experiments  were carried out using high concentrations (40 to 100 

mM) of mono-radical nitroxide species such as TEMPO61 ((2,2,6,6-Tetramethylpiperidin-1-

yl)oxy) which employs the cross-effect (CE) polarization transfer. Griffin’s group has 

demonstrated in 2004 that biradicals with constrained e−e distances can yield more efficient 

CE DNP because of increased e−e dipolar couplings. This has led to the introduction of 

stable nitroxide-based biradicals TOTAPOL86 (1-(TEMPO-4-oxy)-3-(TEMPO-4-

amino)propan-2-ol) which has good solubility and stability in aqueous media containing 

glycerol. TOTAPOL is today the most commonly used polarizing agent for DNP solid-state 

NMR spectroscopy in aqueous media. The applications of TOTAPOL include the successful 

polarization of different biological samples and DNP-enhanced NMR of surface chemistry of 

porous catalytic materials. In 2009, a biradical bTbk (bis-TEMPO-bis-ketal) in which the two 

TEMPO moieties are linked by a rigid tether was introduced by Y. Matsuki et al87. For a 
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glassy solution of bTbK, a DNP enhancement factor of 1.4 times higher than that of 

TOTAPOL under similar conditions. Recently, a series of bTbK analogues like bCTbk with 

increased molecular weights and longer relaxation times T1e and T2e were developed by 

Tordo’s group88. In organic solvent glasses the DNP enhancements obtained with bCTbK are 

3 to 4 times higher than those obtained with bTbK. However, the applications of bTbK and 

bCTbK are limited to solid state DNP experiments carried out in organic solvents due to their 

insolubility in aqueous solutions. In 2013, Zagdoun89 et al investigated series of 

functionalized nitroxide biradicals (derivatives of bTbK) as exogenous polarization sources 

for DNP NMR shown in Fig.1.7. TEKPol, a bulky derivative of bTbK with a molecular 

weight of 905 g·mol−1, and high saturation factor was presented by them. With TEKPOL, a 

proton enhancements of over 200 in both bulk and materials samples were obtained at 9.4 T 

and 100 K. TEKPol also can yield enhancements of 33 at 180 K and 12 at 200 K. Two bTbK 

derivatives (bTbtk and bTbtk-py) with better water solubility have been reported recently. 

Claire Sauvee90 et al recently synthesized two new biradical polarizing agents PyPol and 

AMUPol Fig.1.8. having a high water solubility and can give around 4 times larger DNP 

enhancement than that of TOTAPOL free radical at 395GHz. They investigated the DNP 

efficiency influence of the various parameters like e–e dipolar interaction, g tensor 

orientations, rigidity of the molecule and electron spin relaxation times. These biradicals can 

be considered as promising polarizing agents for the high field DNP of complex biological 

systems or water soluble materials which are currently not amenable to NMR 

characterization.  

Besides nitroxide radicals, high-field DNP-NMR has also been reported using Mn2+ and Gd3+ 

complexes91 as well as mixture of SA-BDPA and trityl radicals92. 
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Figure 1.7. The structure, name, and molecular weight of the radicals investigated in [61] ref.  

 

 
Figure 1.8. The structure of PyPol and AMUpol 

 

 

1.6. Instrumentation 

The high field DNP instrument consists of a NMR spectrometer connected to four additional 

parts: (i) a suitable microwave source with a strong oscillating field at a high frequency (140-

600 GHz) which can provide continuous microwave irradiation, (ii) a wave guide to transmit 

the microwaves from the source to the NMR probe, (iii) a low temperature multiple 

frequency probe with a wave guide to irradiate the sample and (iv) cooling cabinet, which 
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allows cooling the sample at temperature of about 100 K, since DNP enhancement increases 

for decreasing temperature. 

1.6.1 Microwave sources 

The efficiency of the DNP transfer increases with the microwave field at the sample up to a 

saturation level. The μw field strength ω1S is directly related to the μw power, P, and the 

quality factor Qµw of the microwave circuit by             

                                                                               (7) 

For experiments at very low temperature or with very efficient microwave delivery to a static 

sample, i.e. resonant microwave cavity with high Qµw, a low power microwave source may 

be sufficient40, 93. However, for MAS DNP-NMR experiments, the quality factor is lowered 

by the presence of rotor, the sizes of which are comparable to the wavelength of the 

microwave. Therefore, high power microwave sources are for MAS DNP-NMR experiments.  

Two different types of high-frequency μw sources have been used for MAS DNP-NMR 

experiments: (i) cyclotron resonance masers, also called gyrotrons,33,36-38 (ii) Gunn diodes34 . 

The diodes deliver power ranging from 10 to 100 mW. This power is not always sufficient 

and the enhancements achieved using Gunn diodes are lower than those achieved using 

gyrotrons34. Gyrotrons can provide the necessary microwave power with stable continuous-

wave (CW) operation. 

Most gyrotrons are designed for military, radar, and plasma fusion applications typically with 

output frequency of up to 170 GHz and high output power, kW to MW. They are often 

operated with pulses of several seconds or tens of econds with low duty cycles; and minimal 

stability requirements. For DNP experiments, true CW operation for days with high 

frequency and power stability is required. This is especially important for structural studies 

where the DNP-enhanced NMR signal intensity must be stable over extended periods of time.  

Gyrotrons capable of producing tens of watts of μw power with excellent frequency stability 

and low phase noise have been developed for high-field DNP-NMR and EPR experiments up 

to 562 GHz (see Fig. 1.9A).  

Gyrotrons are vaccum electronic devices , which function as an electron cyclotron resonance 

maser, emitting coherent radiation near the relativistic electron cyclotron frequency, or its 

harmonics with B0 the magnetic field strength given by 

                                                                                       (8) 
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where e the electron charge, s the harmonics of the operational mode, m the electron mass, c 

the speed of light, and γ' a relativistic mass factor obtained by 

                                                                               (9) 

with υ the velocity of the electron. When other experimental constraints are satisfied, the μw 

frequency ωc is primarily determined by the strength of the magnetic field. A gyrotron is 

made of gyrotron tube placed in a superconducting solenoid.  The gyrotron tube contains an 

electron gun, which is outside the bore and consists of an annular cathode. An electron beam 

is launched from the annular cathode and accelerated through the field of a superconducting 

magnet. The field profile is designed to compress the beam as it moves the helical motion of 

the electrons into microwaves. The magnetic field compresses adiabatically the electron 

beamlets so that they are focused into the cavity with a radius optimized to interact with the 

cavity mode. This compression takes place in the beam tunnel, where the generation of any 

spurious interaction modes that can compromise the beam quality is suppressed. Finally, a 

quasi-optical mode converter couples the radiation to the output window of the device and 

into a transmission line to the sample. After that the electron beam is collected in a water-

cooled collector. For gyrotrons, the resonance condition is achieved when the cyclotron 

frequency of the electrons, governed by the magnetic field, is nearly equal to the frequency of 

the electromagnetic cavity mode. Bunching of the electrons in the beam occurs due to the 

relativistic dependence of the electron mass and the electron cyclotron frequency on the 

electron energy43, 94.  

 

1.6.2 Microwave waveguides 

For the efficient delivery of the μw irradiation, the minimal loss of μw via transmission lines 

(see Fig. 1.9B) are crucial requirement. With increasing μw frequencies, fundamental 

waveguides become inefficient. The μw irradiation can be delivered in an oversized 

waveguide which is tapered down to the fundamental waveguide near to the NMR coil to 

minimize the loss.  Corrugated overmoded or metallodielectric waveguides can be used 

inside the DNP probe for the transmission. These waveguides differ from classical 

fundamental waveguides, in that the total losses in such DNP probes are typically less than 1 

– 2 dB. A dramatic increase in efficiency can be achieved by a corrugated waveguide, 
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operating in the circular HE11 mode. Corrugated waveguide transmission lines are well-

established and currently used in high frequency EPR as well as in DNP applications. 

 

 
Figure 1.9: (a) A schematic diagram of DNP setup with its components and (b) a picture of the current 
setup at EPFL, Lausanne are shown. The microwaves are created in the gyrotron tube (A) and 
transmitted via the transmission line (B) into the NMR/DNP probe (D) that is installed in a NMR 
magnet (C). The rotor is spun at low temperature using gas flows (E) that are cooled regulated via the 
cooling cabinet (F) using liquid N2 (G). 

 

1.6.3. Multichannel low temperature MAS probe 

DNP probes used for ssNMR MAS experiments cannot incorporate a μw cavity, since the 

rotor containing the sample, and the NMR coil spoil the Qµw of any cavity. At higher 

frequencies, the microwaves are usually launched between the turns of the NMR coil due to 

space restrictions. Figure.1.10. gives a schematic overview of a DNP low-temperature MAS 

(LTMAS) probe. A rotor containing the sample resides inside the MAS stator. The inner 

conductor of the transmission line doubles as a corrugated waveguide, and connects to a 
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mitered, metal-mirrored assembly that terminates perpendicular to the rotor axis 1 cm from 

the sample. In order to achieve maximum enhancements, the microwaves delivered as a 

Gaussian beam in a corrugated waveguide can be focused by adjusting the miter bend on top 

of the probe. Tuning resonant circuit of a low temperature probe, one of the major challenges 

can be done by locating all variable tuning elements outside the probe at room temperatures 

and delivering the rf power using a transmission line. Triple channel 3.2 mm LTMAS probe 

have been developed by Bruker BioSpin company. These probes allow spinning rotors with 

3.2 mm outer diameter up to MAS frequency of 14 kHz. Zirconia or sapphire rotors are used. 

Sapphire rotors are transparent and allow deeper microwave penetration. DNP LT-MAS 

probe for rotors with lower outer diameters (1.3 and 3.3 mm) are under development by 

Bruker Biospin. 

 
Fig.1.10. (1) probe head (2) cut-out of the vacuum dewar (3) turning elements of the RF circuit 
located in the box (4) corrugated waveguide from gyrotron (5) concave and flat mirrors to direct the 
microwaves into the vertical waveguide and (6) vacuum-jacketed transfer lines for the bearing and 
drive cryogens 
 
1.6.4. Superconducting magnets 

For DNP experiments, in order to obtain the maximal enhancement the μw frequency or 

magnetic field strength is adjusted. It is necessary to sweep the magnetic field, since 

gyrotrons and other high-frequency μw devices operate at a fixed frequency. The system 

should be equipped with a field-lock system so as to record the field profile of a polarizing 

agent. 
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1.6.5. Cooling system 

Cold drive, bearing gas and the variable temperature (VT) is used for low temperature 

spinning. While the bearing keeps the sample on a kind of air cushion, the drive flow drives 

the rotor via the rotor cap like a turbine and the VT is blown through the stator to assure the 

low temperature. The thermal conductivity of sapphire at low temperatures insures a uniform 

sample temperature. The gas is cooled in a heat exchanger and the cold gas is delivered by 

cryogenic transfer lines. A low temperature of nearly 85 K can be achieved by using nitrogen 

for spinning. To attain temperatures as low as 15 K, helium gas is used. The temperatures of 

the three gas channels are monitored and regulated by a BVT300 LTMAS temperature 

control unit. The rotor-insert and eject mechanism uses nitrogen gas and is designed to 

operate at low temperatures. The probe is cooled for at least half an hour prior to the 

experiments for low temperature experiments. After inserting the sample, the experiments are 

started about 15 min later, in order to let the system equilibrate thermally. 

 

1.7. Sample preparation 

For successful DNP experiments, sample preparation strongly influences the sensitivity 

enhancement. DNP sample requires unpaired electrons within the sample for the polarization 

mechanisms. The radical concentration is an important parameter for a sufficient 

enhancement but if the concentration is too high it can lead to the paramagnetic broadening 

of the sample. The second critical aspect is the choice of the solvent, since the sample of 

interest needs to be compatible with this solvent and the choice of the solvent is important to 

reach a good balance between spin diffusion, 1H nuclear relaxation as well as the amount of 
1H nuclei to polarize.  

 

Radical concentration  

Nitroxide biradicals are optimized for CE transfer from unpaired electrons to protons. For our 

experiments, we have used TEMPO monoradical as well as TOTAPOL and bTbK biradicals. 

With increasing radical concentration, the enhancement increases up to a limit, where the 

paramagnetic broadening prevails and decreases the signal. In addition, the increasing 

concentration accelerates the relaxation and shortens longitudinal relaxation T1H of protons. 
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Furthermore, the build-up of DNP-enhanced polarization is also accelerated by higher radical 

concentrations, since in the case of CE the DNP build-up time τDNP is equal to the nuclear 

relaxation time T1H. 

 

Solvent choice  

Right choice of a solvent is essential for a successful DNP experiment. The solubility of the 

radical and the sample in the solvent is an important criterion. Since a glassy matrix shows 

better DNP properties than crystalline matrices, the mixture should form a glass at 

temperatures around 100 K. For an effective enhancement, a good balance between proton 

relaxation, spin diffusion and the amount of 1H to polarize is needed. The 1H concentration in 

the impregnation solvent can be adjusted by mixing protonated and deuterated solvents. 

However, it is not always easy to find a compatible solvent for the samples of interest. This is 

especially the case for air- or moisture-sensitive materials. 

 

Amount of the sample of interest  

 Sample preparation for DNP experiments differs from that for conventional ssNMR 

experiments. Conventional ssNMR is usually applied on dry powder sample. In DNP 

experiments, samples of interest are impregnated, dissolved or suspended in glassy chemical 

matrices, which can significantly reduce the effective amount of sample for DNP 

experiments. Thus DNP samples are often viscous mixtures or, paste like materials. It is 

important to pack a maximum amount of sample of interest for getting a very good signal to 

noise ratio. Reduction of the solvent amount is often restricted by the solubility of the 

compound of the interest. Low solvent amount can also contradict the formation of a 

homogeneous glassy matrix. Furthermore, the presence of frozen solvent within the sample 

can lead to line broadening owing to the conformational heterogeneity of the frozen solvent 

molecules. In order to optimize the sample volume and spectral resolution for MAS-DNP 

experiments, Takahashi et al95 developed a new sample preparation procedure based on a 

matrix-free (MF) approach where the polarizing agent is uniformly distributed around the 

samples. This method maximizes the effective quantity of material observed and preserves it 

which in turn leads to narrower spectral lines at LT.  

 

1.8 DNP NMR applications to materials 
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This section presents a brief review on the use of DNP–NMR for the characterization of 

materials. Wind et. al pioneered the study of materials by DNP NMR under MAS conditions 

in 198528. They have used an external field of 1.4 T, corresponding to an electron Larmor 

frequency of 40 GHz and nuclear Larmor frequencies of 60 MHz for protons and 15 MHz for 
13C nuclei to perform the DNP experiments. All experiments were performed at room 

temperature. They illustrated DNP enhancement with 13C NMR spectra obtained in a short 

measuring time with an outstanding signal-to-noise ratio in materials like doped polystyrene, 

trans poly-acetylene, coal and diamonds. The results obtained by their experiments can be 

briefed as follows. They used two methods: (i) indirect DNP using 1H→13C cross-

polarization under magic angle spinning (DNP CPMAS) step, and (ii) direct DNP using 13C 

direct polarization under MAS. In the first case, the 13C nuclei of the sample were enhanced 

uniformly because of fast spin diffusion among the protons, whereas in the second case only 

the carbons close to the radicals were enhanced. Therefore it was shown that the indirect 

DNP technique is able to shorten the acquisition time of an experiment, and allows the 

acquisition of experiments, which are impossible without DNP. The 13C direct DNP is 

especially useful for studying the environmental structure of an unpaired electron and for 

detecting carbons which cannot be measured via cross polarization because of the absence of 

protons in their surroundings. Using these techniques, they have studied the structure and 

dynamics of trans-polyacetylene (PA) exposed in the air79, 80. Trans-PA is a conductive 

polymer, which contains unpaired electrons, also called the solitons. These unpaired electrons 

move rapidly along the chains giving rise to Overhauser effect. The oxygen of air oxidizes 

the surface and removes unpaired electrons on the surface. Hence, direct 13C DNP NMR on 

trans-PA exposed to air  allows the observation of the carbon atoms below the surface since it 

can only polarize 13C nuclei nearby unpaired electrons. Conversely DNP-enhanced 1H→13C 

CP allows the observation of surface carbon atoms since 1H spin diffusion distributes 1H 

polarization between the vicinity of unpaired electrons below the surface and the surface. 

Furthermore, it was proved that the DNP effect is useful to study the spin-density distribution 

of the unpaired electrons over the molecules in an organic conductor80 (fluoranthenyl)2PF6. 

At room temperature this material behaves as a one-dimensional metal where the conduction 

electrons move freely along paths parallel to the molecular stacks and the electron mobility is 

so large that only an Overhauser effect is observed in this sample. The overall enhancement 

of the 13C DNP CP MAS spectrum is positive due to the dominating electron–proton scalar 

hyperfine interaction. However, direct DNP MAS experiment on 13C, shown that some lines 
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are enhanced positively due to the dominant electron–carbon scalar interaction and one line is 

enhanced negatively due to a dominating electron–carbon dipolar interaction. This 

phenomenon arises due to the distribution of the electron density over the fluoranthenyl 

molecules, which is different at the different sites of the carbons, resulting in different ratios 

of the electron–carbon scalar and dipolar interactions. Hence, it was proved that experiments 

with direct DNP MAS can be used to determine the electron density distribution over the 

chemically different carbon sites. By discussing the results obtained on a variety of samples, 

they have opened new areas of 13C NMR studies in solids and predicted that DNP NMR can 

be applied to a variety of other materials, such as polymer conductors, doped and undoped 

semiconductors etc and it is possible to study the surface phenomena of composite materials 

which contain unpaired electrons.  

Later, Schaefer et al30. studied the direct electron to carbon DNP solid effect transfer for 

homogeneously doped polycarbonates in 1992. They could polarize the carbons that are 

closest to the free radicals using direct 13C DNP and characterize the interfaces of 

heterogeneous polycarbonate/polystyrene blends using indirect 13C DNP. Moreover, they 

were able to show that the interfacial aromatic carbons in PC have less motion than that of 

the bulk-PC aromatic carbons.  After this study,  Lock et al shows that indirect and direct 13C 

DNP can be used to probe the surface of 13C enriched chemical vapour deposited diamond81. 

DNP-CP-MAS l3C spectra could probe the surface and intergrain boundaries of the 

polycrystalline sample at 1.4 T, whereas the advantage of DP-MAS l3C was the increased 

spectral resolution at 14 T81. Later on, more than a decade of research was spent on the 

optimising conditions for DNP MAS NMR. Griffin’s group developed a hardware technology 

to the use of high power high frequency microwave sources which are needed for high field 

DNP NMR. They could demonstrate a high signal enhancement at low temperature by cross 

effect mechanism for biological samples like amyloid-forming peptide, bacteriorhodopsin etc 

incorporated with biradicals at high magnetic fields39, 40, 68, 96-98.  

After the successful applications to various biomolecules at high field, there was high interest 

to characterize inorganic and hybrid materials using high-field DNP-NMR. This extension 

was pioneered by the groups of Bodenhausen, Emsley and Lafon in 2009-2010. These groups 

independently investigated DNP-NMR of mesoporous silica samples impregnated with 

radical solution. For instance, in 2010, Lesage99 et al. reported a DNP signal enhancement of 

50 for 1H-13C and 1H-15N CP-MAS spectra of organic groups attached to a silica surface. 

They used TOTAPOL as the polarizing agent, to enhance the spectra of organic groups 
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covalently attached to the surface of porous silica. In 2011, the same group used DNP-

enhanced 1H-29Si CP-MAS for fast characterization of the distribution of surface bonding 

modes and interactions in functionalized mesoporous silica100. In 2011, Lafon101 et al showed 

how direct 29Si DNP results in a 30-fold enhancement of 29Si NMR signals from subsurface 

sites in mesoporous silica. In addition, they could illustrate the complementarities of indirect 

DNP using CP-MAS and direct DNP: the former allows the selective observation of surface 

sites, whereas the latter allows the observation of both surface and subsurface sites. 

Afterwards in 2012, Rossini102 et al reported the quantitative study of 29Si CP and cross-

polarization Carr–Purcell Meiboom–Gill (CP/CPMG) experiments with DNP on a hybrid 

mesoporous silica material impregnated with aqueous biradical solutions. They have shown 

that the main source of loss in DNP experiments in the system is due to paramagnetic 

quenching. It was observed that the sample preparation which provides optimal DNP signal 

enhancement does not provide optimal overall signal enhancement in the system. 

Particularly, for CPMG acquisition of the 29Si ss NMRspectra optimal signal enhancements 

are obtained when lower radical concentrations are employed due to slower transverse 

relaxation rates. In the same year,  Zagdoun103 et al, screened a series of non-aqueous 

solvents combined with the exogenous biradical bTbK. Among these organic solvents, 

1,1,2,2-tetrachloroethane is one of the most promising organic solvents for the study of 

mesoporous solids. In 2012, Rossini104 et al demonstrated the first application of DNP-

enhanced solid-state NMR spectroscopy to functionalized indium-containing metal-oxide 

frameworks (MIL-68-NH2). The MOF was impregnated by a biradical solution, bTbK. They 

proved that significant effective sensitivity enhancement factors can be obtained for 1H-13C 

CPMAS and reported the fast acquisition of two-dimensional 1H-13C correlation spectra and 

of 1H-15N CPMAS NMR spectra at natural abundance. In another study, Rossini105 et al 

applied ss-DNP NMR on powdered microcrystalline solids like glucose, sulfathiazole, and 

paracetamol impregnated with bis-nitroxide biradical (bis-cyclohexyl-TEMPO-bisketal, 

bCTbK) in organic solvents. They measured for these microcrystals sensitivity enhancements 

on the order of 100, which allowed the rapid acquisition of 13C−13C correlation spectra in 

natural abundance. At the same time, Takahashi95 et al showed that DNP-NMR allows the 

acquisition of 2D 13C-13C NMR correlation spectra in only 2 h on natural abundance 

microcrystalline cellulose. They have introduced a matrix-free sample preparation method to 

distribute the polarizing agents uniformly around the microcrystals which can allow reaching 

excellent absolute sensitivity. During the same year, Vitzthum106 et al. studied the surface 
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enhanced DNP NMR of γ-alumina. They combined DNP with cross-polarization and MQ-

MAS to determine local symmetries of 27Al sites at the surface. 

In 2013, Blanc107 et al studied the molecular structure of microporous organic polymers 

(MOP) by using natural abundance 13C and 15N CP MAS ss-DNP NMR spectra. They used 

biscyclohexyl-TEMPO-bisketal (bCTbK)2 biradical in 1,1,2,2- tetrachloroethane and low 

temperature (∼105 K) at 14.1 T. They demonstrated that the gain of sensitivity associated 

with DNP NMR at 14.1 T can be used for the rapid high-throughput molecular structure 

determination of dozens of MOP materials. Blanc and al also reported direct and indirect 

DNP-NMR 17O spectra of inorganic oxides and hydroxides at natural abundance108. They 

could demonstrate that 17O direct and indirect NMR spectra of oxides and hydroxides at 

natural abundance can be acquired quickly using DNP. In the mean time, Takahashi46 et al 

revealed the possibility of structural study on challenging nanoassemblies like 

diphenylalanine (FF) dipeptide. They have introduced a novel matrix free sample preparation 

method for DNP and performed 2D 13C–13C correlation experiments on unlabeled self-

assembled peptide which can provide structural information such as hydrogen-bonding and p-

stacking interactions. Recently Grüning109 et al.  studied the molecular structure and the 

intermolecular arrangement of the subunits in periodic mesoporous organosilicates (PMO) 

materials by using DNP NMR. Natural isotopic abundance 1D 13C, 15N, and 29Si and 2D 1H–
13C and 1H–29Si NMR spectra enhanced with DNP were recorded to distinguish outer and 

inner layers of the sample and to monitor the surface functionalization. Oauri110 et al. 

presented the characterization of synthetic functional polymers by using DNP-NMR. They 

observed the clear signals from the polymer chain-ends which cannot be detected through 

conventional NMR. At the same time, Gajan44 et.al demonstrated the successful use of an 

insoluble hybrid organic-inorganic material containing homogeneously distributed radicals as 

a polarization source for low temperature DNP without the requirement of a glass former 

such as glycerol or DMSO. They have established the design principles for such a material 

and also showed the polarization of substrates that impregnate the materials at ~100 K. For 

instance, the metabolic markers like 13C-labeled pyruvate and alanine were efficiently 

polarized with these materials. Thus other than the surfaces and subsurfaces of silicates, the 

applications of DNP have been extended to inorganic polymers, nanomaterials, microporous 

and micro crystalline materials, mesostructured hybrid organosilica materials, on surface 

aluminates and metal–organic frameworks (MOFs). 
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In this field of DNP NMR, my PhD work aims at demonstrating new insights into the 

structure of the materials by the DNP sensitivity enhancement. In particular, it can permit the 

close observation of interfaces, diluted species (defects, dopants), or isotopes with low 

gyromagnetic ratio and/or low natural abundance, such as 29Si, 13C and 15N. 
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Chapter 2

Applications of DNP-NMR on Mesoporous Silica

Mesoporous silica nanoparticles have gained much attention due to their attractive properties, 

including uniform diameter of the mesopores, easy functionalization, significant 

biocompatibility and good control of the morphology. Thus, they are widely used in a variety 

of fields, like catalysis, polymer filler industries, infrared optics, bio-imaging, drug delivery, 

and biomedical applications.1-3 Therefore, the molecular level characterization of both bulk 

and surface of the mesoporous silica materials is of great important. As mentioned in chapter 

1, the DNP enhancement of NMR sensitivity is a major advantage to probe both the surface 

and bulk sites of mesoporous silica samples containing endogeneous or exogeneous 

polarizing agents. This chapter details different approaches for the incorporation of DNP 

polarizing agents into mesoporous silica samples. We also analyse the various contributions

to DNP enhancement for these systems and the transport of DNP-enhanced 1H polarization 

by 1H-1H spin diffusion.  

2-1. Solvent-free DNP of mesoporous silica functionalized with TEMPO

We have demonstrated how the solvent-free high-field DNP procedure can be applied for 

paramagnetic materials containing endogenous radicals by using an organic–inorganic hybrid 

material: mesoporous silica functionalized with TEMPO moieties.4 Based on the 29Si direct 

and indirect DNP results it is clear that co-condensation can be employed to incorporate DNP

polarizing agents into inorganic materials and the solvent-free DNP is feasible for porous 

materials. The 29Si signals in direct experiments build up a fast polarization in a few seconds 

at 100 K, which improved the NMR sensitivity and facilitated the investigation of direct DNP 

below 100 K. The 1H 29Si CP transfer is inefficient for this material owing to the high 

concentration of unpaired electrons. In 2013, Gajan et al. used this idea to covalently bound 

stable mono- or di-nitroxide radicals homogeneously to the silica surface of mesoporous 

hybrid silica-organic materials.5

2-2. Remote DNP using 1H-1H spin diffusion

We have shown how DNP can be used to enhance NMR signals of 13C and 29Si nuclei located 

in functionalized mesoporous silica nanoparticles filled with surfactant. It has been proved 

that the distribution of DNP-enhanced 1H magnetization by 1H-1H spin diffusion allows 

enhancing the NMR signals of 13C and 29Si nuclei located inside the mesopores at several 



hundreds of nanometers from stable radicals (TOTAPOL), which are trapped in the 

surrounding frozen disordered water. The DNP-enhanced proton magnetization is transported 

into the mesopores via 1H 1H spin diffusion and transferred to rare spins by cross-

polarization, yielding signal on/off of around 8. The propagation of DNP-

enhanced 1H polarization via 1H spin diffusion has been demonstrated for other systems, 

including blends of polymers, mesocrystals of peptides and microcrystalline solids.6-8 When 

the surfactant molecules are extracted, so that the radicals can enter the mesopores, the 

on/off The difference in on/off between 

mesoporous silica samples with and without surfactants is consistent with predictions based 

on one-dimensional 1H spin diffusion model.  

2-3. Analysis of DNP enhancement for mesoporous silica nanoparticles

We also systematically analyzed the enhancement factor (per scan) and the sensitivity 

enhancement (per unit time) in 13C and 29Si cross-polarization magic angle spinning (CP-

MAS) NMR boosted by DNP of functionalized mesoporous silica nanoparticles (MSNs).9

Specifically, we separated contributions due to: (1) microwave irradiation, (2) quenching by 

paramagnetic effects, (3) the presence of frozen solvent, (4) the temperature, as well as 

changes in (5) relaxation and (6) cross polarization behaviour. This systematic study 

supplements previous studies, which have addressed the quantification of the DNP sensitivity 

enhancement for other systems.10-13 No line-broadening effects were observed for MSNs 

when lowering the temperature from 300 to 100 K. Notwithstanding a significant signal 

reduction due to quenching by TOTAPOL radicals, DNP-CP-MAS at 100 K provided global 

sensitivity enhancements of 23 and 45 for 13C and 29Si, respectively, relative to standard CP-

MAS measurements at room temperature. 

The studies on the aforementioned approaches highlights the opportunities for further 

improvements through the development of high-field DNP, better polarizing agents, and 

improved capabilities for low-temperature MAS.  
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Abstract We report high-field magic-angle spinning dynamic nuclear polarization

(MAS DNP) of mesoporous silica functionalized with nitroxide radicals. These

results demonstrate that co-condensation can be employed to incorporate DNP

polarizing agents into inorganic materials and that solvent-free DNP is feasible for

porous materials. For the investigated material, the direct MAS DNP enhances the
29Si nuclear magnetic resonance (NMR) spectra, whereas the indirect MAS DNP via

protons is inapplicable owing to the inefficiency of 1H ! 29Si cross polarization

transfer. Furthermore, the 29Si signals in direct experiments build up in a few

seconds at 100 K. This fast polarization buildup improves the NMR sensitivity and

will be useful for the investigation of direct DNP below 100 K.
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1 Introduction

Solid-state nuclear magnetic resonance (NMR) provides unique information on the

atomic-scale structure and dynamics of heterogeneous, disordered or amorphous

materials, such as heterogeneous catalysts [1], nuclear waste storage medium [2],

battery related materials [3] and nanoobjects [4]. However, the intrinsic low

sensitivity of NMR, resulting from the small nuclear magnetic moments, limits the

observation of diluted species (interface sites, defects, reaction intermediates. . .) or
of nuclei displaying low gyromagnetic ratio, low natural abundance and/or slow

longitudinal nuclear relaxation. For instance, the observation of silicon sites can be

limited by the low 29Si natural abundance (4.7 %) and nuclear relaxation times

(T1n), which can reach several hours [5].

Dynamic nuclear polarization (DNP) is a promising method to enhance the NMR

signal of materials by one or two orders of magnitude [6–19]. Since its invention,

DNP has been applied to materials. DNP phenomenon at low static magnetic field,

B0, was initially reported in metals (B0 = 3 mT) [6] and then semiconductors (B0 &
0.3 T) [7]. For instance, low-field DNP has been applied for n-type silicon,

amorphous silicon or hydrogenated amorphous silicon, using dangling bonds as

endogenous polarizing agents [7, 9, 14]. The combination of DNP at B0 & 1.4 T

with magic-angle spinning (MAS) has allowed its application to carbonaceous

materials, such as organic polymers, coals and diamonds [8, 10]. Furthermore,

DNP-enhanced cross-polarization (CP) at B0 & 1.4 T has been demonstrated in the

1990s for the selective observation of surfaces [11–13]. More recently, the

development of stable high-frequency microwave (l w) source, gyrotrons [20], and
the design of biradical polarizing agents [21] fostered the advent of DNP at high

magnetic field with B0 C 5 T. The improved resolution and the post-synthesis

impregnation with nitroxide radical solution have permitted the extension of DNP to

other material classes, including mesoporous silica [15–17], metal-oxide framework

[18] and c-alumina [19].

Dynamic nuclear polarization requires the presence of unpaired electrons in the

sample. So far, high-field DNP studies of materials have mainly employed

exogenous organic radicals, such as 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), as a source of polarization. The radicals are introduced within the

materials using post-synthesis impregnation with radical-containing solutions [15–

17]. This protocol offers several advantages: (i) being a post-synthesis method, it

does not alter the material preparation and can be planned for natural or already

prepared samples; (ii) the protons of frozen solvents within the pores can be used for

polarization distribution via 1H–1H spin diffusion; (iii) the presence of solvent may

avoid the adsorption of the radicals onto the surface. Nevertheless, (i) it has only

been demonstrated so far for materials displaying high specific surface area [15–19];

(ii) this protocol does not permit the accurate control of the position and the

orientation of the paramagnetic agent with respect to the observed nuclei (only an

average distance between the radical and the material surface can be inferred from

the radical concentration [17]); (iii) the NMR signals of the solvents may overlap

with those of the observed nuclei; (iv) the nature of the impregnation solvent affects
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the DNP enhancements and, in practice, the sensitivity optimization still requires the

test of different solvents [22].

Herein, we show how high-field DNP can be applied for paramagnetic materials

containing endogenous radicals. We investigate an organic–inorganic hybrid

material, which is mesoporous silica functionalized with TEMPO moieties, 1 (see

Fig. 1) [23–25]. This hybrid material is a highly selective and effective oxidation

heterogeneous catalyst for converting primary and secondary alcohol substrates into

carbonyl derivatives and can be used for the production of pharmaceuticals,

agrochemicals, flavors and fragrances [25–27]. These materials have also been used

as polarizing agents for low-field DNP of flowing liquids using Overhauser effect

[28, 29]. However, to the best of our knowledge, this type of material has never been

studied by solid-state DNP/NMR. The TEMPO molecule is tethered to the silicon

atoms during the material preparation by the sol–gel process. This co-condensation

procedure can be advantageous, since: (i) it can be applied in principle to non-

porous materials or microporous materials exhibiting pore aperture smaller than the

smallest dimension of TEMPO and TOTAPOL (about 7 Å); (ii) it ensures a more

homogeneous distribution of organic moieties within the inorganic material than

post-synthesis incorporation [30]; (iii) the distance between the unpaired electrons

and the silica surface cannot exceed 9 Å, the size of the organic moiety; (iv) this

hybrid material allows solvent-free DNP to be tested since the xerogels are dried

during the sample preparation [24]. This solvent-free DNP procedure demonstrated

here for materials exhibits similarities with another solvent-free DNP protocol,

which has been introduced recently for the DNP of polypeptides [31]. In this work,

the molecular entities, unlabeled and labeled with nitroxide radicals, are co-

condensed, whereas in reference [31], they were mixed by dissolution and solvent

evaporation. In this article, the results of 1H and 29Si DNP experiments will be

presented for 1 obtained using co-condensation. We will demonstrate that for this

material, the cross-polarization (CP) transfer from 1H to 29Si nuclei is inefficient and

hence the 29Si nuclei cannot be polarized via 1H (indirect DNP) [16]. Conversely,

Fig. 1 Schematic structure of the material 1
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we will show that the 29Si NMR signal can be enhanced by direct polarization (DP)

transfer from unpaired electrons (direct DNP) [17].

2 Materials and Methods

The material 1 was purchased from Sigma-Aldrich and was used without

purification. It exhibits a high specific surface area of about 450 m2 g-1 and broad

pore size distribution with pore diameters ranging from 80 to 300 Å [24, 25].

X-band EPR experiments were performed using a Bruker BioSpin ELEXYS

E580E spectrometer operating at 9.8 GHz. The spectra were recorded with 2 mW

microwave power and 0.5 G of amplitude modulation. The spin concentration of the

sample was determined by full spectral integration using 4-amino-TEMPO as a

reference. The EPR spectra were recorded at room temperature and the sample of

mesoporous silica functionalized with TEMPO was a powder.

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, a static magnetic field, B0 = 9.393 T and 1H and 29Si Larmor frequency

of 399.87 and 79.44 MHz, respectively [32]. The wide-bore NMR magnet was

equipped with a double resonance 1H/X 3.2 mm low-temperature DNP MAS probe.

The sample was placed in a 3.2-mm ZrO2 rotor. Sample temperatures of 98 K were

achieved and controlled under MAS condition using a Bruker BioSpin low-

temperature MAS cooling system. The sample temperature corresponds to the

calibrated temperature with microwave off. All the spectra were acquired at a MAS

frequency, mr = 10 kHz. During the DNP MAS experiment, a gyrotron generated

continuous microwave irradiation, which was delivered to the sample by a

corrugated waveguide. The microwave power at the position of the sample was

approximately 6 W [32].

The 1H and 29Si NMR spectra enhanced by direct DNP were recorded using the

pulse sequence described in ref. [17]. First, a presaturation suppresses the equilibrium

Boltzmann polarization of the detected isotope. Then, the microwave irradiation

during a time, slw; induces a transfer of longitudinal polarization between the

unpaired electrons and the nuclei. The longitudinal polarization of 1H or 29Si nuclei is

detected by tilting it into the xy-plane using radiofrequency pulses at the

corresponding Larmor frequency. This pulse sequence relying on direct polarization

(DP) is referred to as DPMAS in the following. The 1H 90� pulse length was 2.5 ls in
DP MAS 1H experiment. All DP MAS 29Si NMR spectra were recorded using a 29Si

90� pulse length of 5 ls and background suppression to suppress the 29Si signal of the

probe [33]. The DP MAS 29Si spectra of the investigated samples were unaffected by
1H SPINAL-64 heteronuclear decoupling of 100 kHz amplitude [34]. Hence, no 1H

decoupling sequence was applied during DP MAS 29Si experiments.

The indirect 29Si DNP spectra were recorded using the usual 1H ! 29Si CP MAS

sequence but prior to the CP transfer, the longitudinal 1H polarization was enhanced

by microwave irradiation during a time, slw [16]. The 1H 90� pulse length was

2.5 ls. The CP transfer was performed using a contact time of 2 ms, a constant 29Si

rf nutation frequency of 50 kHz and a linear ramp of 1H rf nutation frequency
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between 70 and 35 kHz. A SPINAL-64 decoupling with 1H rf nutation frequency of

100 kHz was applied during the acquisition [34].

The 29Si chemical shifts are referenced to tetramethylsilane using the shielded

resonance (-9.8 ppm) in the 29Si NMR spectrum of tetrakis(trimethylsilyl)silane as

a secondary reference. For an isotope X = 1H or 29Si, the DNP enhancement factors

of the signal intensity and integral are defined as

eDNPðXÞ ¼ IðXÞ
IoffðXÞ and eADNPðXÞ ¼

AðXÞ
AoffðXÞ ; ð1Þ

where the I(X) and IoffðXÞ are the maximal intensities of X signal with and without

microwave irradiation and the A(X) and AoffðXÞ are the total integrals of X signal

with and without microwave irradiation. For 1, the intensities of 1H and 29Si signals

peak at 0 and -66 ppm, respectively. The fit of NMR signals, as shown in Fig. 3d,

was performed using Matlab software [35].

3 Results and Discussion

Figure 2 presents the EPR spectrum of the material 1 recorded at room temperature.

The measured g factor is 2.0059, which is typical of nitroxide radical. The EPR

spectrum of 1 displays a broad line exhibiting a shoulder at about 3,530 G.

Therefore, it differs from the EPR signals of mononitroxide radicals in isotropic

solution, which consist of a resolved triplet splitting produced by the isotropic

hyperfine coupling with 14N nucleus [21]. This difference indicates that the motions

of the TEMPO moieties in material 1 are anisotropic. This is expected since the

TEMPO moiety is anchored on the silica surface and its motions are limited by the

covalent linkage. Furthermore, the EPR signal of 1 also differs from that of diluted

mono- or bi-nitroxide radicals, which are immobilized in frozen glassy solutions or

covalently linked to a peptide chain or to a silica surface [21, 23, 31, 36]. These

diluted radicals show a resolved powder lineshape produced by the anisotropic

3300 3400 3500    3600 3700

Field (G)

Fig. 2 X-band continuous wave EPR spectrum of the mesoporous silica functionalized with TEMPO
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Fig. 3 Natural abundance 1H and 29Si NMR spectra of mesoporous silica functionalized with TEMPO.
a DP MAS 1H with (top) and without (bottom) microwave irradiation. The spectra were acquired with
four scans and slw ¼ 5 s. b CP MAS 1H ! 29Si spectrum with microwave irradiation. The spectra were
acquired with 64 scans and slw ¼ 10 s. c DP MAS 29Si NMR spectra with (top) and without (bottom)
microwave irradiation. The spectra were acquired with 64 scans and slw ¼ 10 s. d Deconvolution of the
DP MAS 29Si spectrum with microwave irradiation. The spectrum is identical to that displayed in c
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hyperfine coupling with 14N nucleus with a maximum Azz component of about 65 G.

For 1, the powder lineshape is masked by the spectral broadening resulting from the

extensive network of intermolecular dipolar couplings between the unpaired

electrons. EPR measurements indicate that the TEMPO concentration of 1, cm, is
about 70 mM. As the TEMPO moieties are grafted on the silica surface, it is also

pertinent to estimate the TEMPO surface concentration in mol m-2 using

C ¼ cm
106qas

ð2Þ

where cm is expressed in mM, and q = 0.4 g cm-3 and as = 456 m2 g-1 are the

mass density and the specific surface area of 1. Equation 2 yields C ¼
380 nmolm�2: From C; the average distance R in Å between two TEMPO moieties

can be estimated as

R ¼ C10�20N A

� ��1=2 ð3Þ
assuming a 2-D square lattice for the positions of the TEMPO moieties. In Eq. 3,

N A is the Avogadro number. The calculated R value is 19 Å for 1.
The comparison of the EPR spectrum in Fig. 2 with those of diluted TEMPO

moieties anchored on silica surface [23] indicates that the homogeneous spectral

broadening arising from multiple dipolar couplings between electrons is comparable

with the 29Si Larmor frequency at 9.4 T (79.44 MHz). Therefore, the thermal

mixing mechanism [8, 37, 38] can be involved in the DNP transfer for 1, especially
in the case of direct 29Si DNP.

Figure 3a shows the one-dimensional (1D) 1H NMR spectrum of 1 with and

without microwave irradiation. For both spectra, the maximum intensity is observed

at d & 0 ppm, which is typical of 1H in alkyl groups linked to silicon atoms. As the

material 1 is obtained by co-condensation of 4-oxo-TEMPO, aminopropyltri-

methoxysilane and methyltrimethoxysilane [23–25], the silica surface is function-

alized with methyl and (4-TEMPO)aminopropyl groups, as shown in Fig. 1. The

silica surface must also contain silanol protons (Si-OH), but their 1H signals

between 1 and 8 ppm (2 ppm for non-hydrogen-bonded silanol) [39] is not resolved

from that of alkyl protons.

The second moment, M2(mr), of
1H signal at MAS frequency of 10 kHz was

calculated as [40, 41]

M2ðmrÞ ¼ 1

A

Zms
mi

m� m0ð Þ2IðmÞdm ð4Þ

where the mi and ms frequencies are the lower and upper bounds of the frequency

interval in which the 1H signal intensity exceeds the noise, A the integral of 1H

signal between mi and ms frequencies, m is the frequency, m0 is the frequency of the

maximum in intensity, and I(m) the 1H signal intensity at the frequency m. For 1, the
M2(mr) value is about 300 kHz2 and the square root of the M2(mr), which is

proportional to full width at half maximum for a Gaussian lineshape, is twofold

lower in absolute value for 1 than those measured for 10 %-protonated frozen
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solvents contained within the pores of mesoporous silica. This observation is

consistent with an averaging of the 1H–1H dipolar couplings in 1 by the threefold

hopping of the methyl groups [42], the librational motion of the O–H groups about

the Si–O axes [43] and the conformational changes of (4-TEMPO)aminopropyl

chains [44–46]. When the pores of mesoporous silica do not contain solvents, the

rate of these motions at about 100 K is faster than 1 MHz, i.e., their correlation time

is below 1 ls [43–46]. As most protons experience fast librational motions and the

grafted TEMPO moieties are mobile in the silica pores, the electron–proton

interactions are time dependent. Nevertheless, at B0 = 9.393 T and 100 K,

polarization of protons via Overhauser effect [47] is unlikely since the spectral

density of molecular motions in dielectric solids is very low at about 263 GHz, the

electron Larmor frequency [48].

As the full width at half maximum is proportional to the square root of the M2(mr)
[40, 49] and the full width at half maximum of the 1H signal is inversely

proportional to mr [49, 50], the second moment under static conditions,M2(0), can be

calculated as

M2ð0Þ ¼ mr
K

M2ðmrÞ½ �1=2 ð5Þ

where the dimensionless K constant lies in the range [0.04, 0.1] [50]. The average

dipolar coupling constant between protons, bHH=ð2pÞ; can be deduced from the

square root of the M2(0) [51]

bHH
2p

¼ � 2

3

M2ð0Þ
v

� �1=2
ð6Þ

where v is a structural factor, which depends on the proton distribution in the

sample. Here, given that (i) the protons are located on the pore surfaces, (ii) the pore

average radius is much larger than the average 1H–1H distance between nearest

neighbors, we can assume a 2-D square lattice of protons and hence v = 4.77 [51].

For the investigated systems, the electron longitudinal relaxation times, T1e, are
shorter than the 1H transverse longitudinal relaxation times (T1e\T2n(

1H)), and the

radius of the spin diffusion barrier, rd, can be calculated as [52]

rd � 2S
ce

cð1HÞBS
S�hceB

0

kBT

� �� �a
l0
4p

c2ð1HÞ�h
bHH

����
����
1=3

ð7Þ

where S = 1/2 is the effective spin quantum number for the unpaired electron of

TEMPO monoradical, ce and c(1H) are the gyromagnetic ratios of electron and 1H

nucleus, BS the Brillouin function with parameter S; �h is the reduced Planck con-

stant, kB the Boltzmann constant, T = 98 K the sample temperature and a = 1/4

using Khutsishvili’s definition of the diffusion barrier [17, 52]. According to Eq. 7,

the rd value lies in the range [4.6, 5.4 Å], which is consistent with diffusion barrier

radii reported in the literature [53]. Furthermore, the rd radius is shorter than R and

as the protons are located on the silica surface, the fraction, fd, of protons enclosed
within the diffusion barrier is given by

A. S. Lilly Thankamony et al.

123



fd ¼ pr2d
R2

: ð8Þ

The calculated fd value lies between 18 and 25 %, indicating that a significant

fraction of protons is not involved in the polarization transfer via 1H–1H spin

diffusion in the direct 1H DNP.

Figure 3a shows limitedDNP enhancement of 1H signal intensity (eDNPð1HÞ ¼ 1:7).
This limited enhancement mainly stems from: (i) the lower efficiency ofmonoradicals

at high field for 1H signal enhancement compared to that of biradicals [21, 54–56]; (ii)

the weak 1H–1H dipolar couplings in 1, which result in slow proton spin diffusion and

hinder the distribution of 1H polarization within the sample [57, 58]; (iii) the short

electron and proton relaxation times in 1 owing to the high molecular mobility, the

presence of paramagnetic molecular oxygen and the high concentration of unpaired

electrons [21, 59, 60]. Short electron longitudinal relaxation times (T1e) reduce the

saturation of EPR transition, whereas short nuclear longitudinal relaxation times (T1n)
limit the time to ‘‘pump’’ the nuclear polarization. The 1H lineshape is unaffected by

the DNP transfer and the enhancement of signal integral is equal to that of signal

intensity (eDNPð1HÞ ¼ eADNPð1HÞ). This result is consistent with the homogeneous

broadening of the 1H signal [61].

Figure 3b shows the 1D CP MAS 1H ! 29Si spectrum of 1 with microwave

irradiation. No 29Si signal is visible after 64 scans. This observation indicates that

the 1H ! 29Si CP transfer is inefficient for 1. This inefficiency does not stem from

an interference between the conformational dynamics and the 1H heteronuclear

decoupling [42, 62, 63], since the 29Si signal intensity in DP MAS experiment was

not affected on applying a 1H heteronuclear decoupling of 100 kHz amplitude. This

result is consistent with conformational dynamics in 1 faster than 1 MHz at about

100 K, in the absence of solvent molecules in the silica pores [44–46]. The

inefficiency of 1H ! 29Si CP transfer mainly results from (i) the short nuclear

longitudinal relaxation times in the rotating frame, T1q, owing to the high

concentration of TEMPO moieties [64] and (ii) the weak 1H–29Si dipolar couplings,

which are partly averaged out by the conformational dynamics.

Conversely, as shown in Fig. 3c, the 29Si direct experiments allow the detection

of a 29Si signal in a few minutes with and without microwave irradiation. The high

sensitivity of these experiments stems from the fast polarization buildup. The fast

signal buildup in direct DNP is discussed below (see Fig. 4). In the absence of

microwave irradiation, the longitudinal 29Si magnetization of 1 builds up in a few

seconds, whereas in mesoporous silica containing frozen solvents and nitroxide

radicals, the longitudinal 29Si relaxation requires thousands of seconds. The faster

relaxation for 1 results from (i) the shorter average distance between unpaired

electrons and 29Si nuclei, which is constrained by the covalent linkage [65–67] and

(ii) the higher mobility at the atomic scale in the absence of frozen solvents in the

pores. Furthermore, direct 29Si DNP yields DNP enhancements, eDNPð29SiÞ ¼ 2:6
and eADNPð29SiÞ ¼ 3; which are more than 50 % higher than those measured for

direct 1H DNP. The higher signal enhancements in direct 29Si DNP compared to

direct 1H DNP are consistent with the theoretical maximal enhancements [17, 68,

69], which are given by the ratios ce/c(
29Si)& 3311 for 29Si and ce/c(

1H)& 658 for
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1H, where c(29Si) is the gyromagnetic ratio of the 29Si nucleus. Nevertheless, the

direct 29Si DNP enhancement is lower for 1 than those measured for mesoporous

silica containing frozen solutions of nitroxide radicals within its pores [17]. For

instance, jeDNPj values of 11 and 30 were measured for mesoporous silica containing

30 mM of 4-amino-TEMPO and 15 mM of TOTAPOL in [2H6]-DMSO/2H2O/H2O

frozen matrix [17]. The lower eDNPð29SiÞ values for 1 stem from different factors.

First, the polarization transfer in 1 relies mainly on mono-radical TEMPO, whereas

the biradicals, such as TOTAPOL, are usually more efficient at high field [21, 54–

56]. Second, in this work, DNP experiments were performed at a B0 value, which is

optimal for direct 1H DNP employing nitroxide radicals but not optimal for the

direct polarization of isotopes with low gyromagnetic ratios [17, 68, 69]. Third, as

explained above for 1H DNP, the electron and nuclear relaxations must be faster in 1
than in mesoporous silica impregnated with frozen solutions. However, the faster

nuclear relaxation also leads to faster polarization buildup, which is a significant

advantage in terms of sensitivity, as shown below.

The difference between eDNPð29SiÞ and eADNPð29SiÞ arises from the broader foot of

the DP 29Si signal with microwave irradiation compared to that without microwave

irradiation. This broad 29Si signal corresponds to silicon-29 nuclei experiencing

large hyperfine interaction and which are located in the vicinity of the unpaired

electrons. Therefore, in direct 29Si DNP, the polarization of the silicon-29 nuclei

close to the TEMPO moiety is higher than that of remote 29Si nuclei. Similar

observations have been reported for 13C direct DNP at low magnetic field [8].

The DP 29Si signal displays a maximum at -66 ppm, the chemical shift of

RSi(OSi)3 sites (T
3) with R ¼ CH3 or (4-TEMPO)aminopropyl groups [70, 71]. No

29Si signal is observed in the chemical shift range, -110 to -90 ppm,

corresponding to (SiO)nSi(OH)4-n (Qn) sites. This observation proves that all Si

0

0.2

0.4

0.6

0.8

1.0

60504020 30100

Fig. 4 Buildup curve of DP 29Si signal intensity with microwave irradiation as function of slw delay.
The signal intensities, IðslwÞ; are normalized with respect to the signal intensities at slw ¼ 60 s: Inorm ¼
IðslwÞ=Ið60Þ: The experimental points and the fit according to Eq. 9 are displayed as square symbols and
continuous line, respectively.
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atoms are covalently linked to a carbon atom in 1, which is consistent with the

preparation of 1 from aminopropyltrimethoxysilane and methyltrimethoxysilane

precursors. Furthermore, the 29Si signal is asymmetrical and cannot be fitted by a

single Gaussian lineshape. In a phenomenological approach, the DP 29Si signal

with microwave irradiation has been fitted as the sum of three Gaussian lineshapes:

Tn
3, Tb

3 and T2 (see Fig. 3d). Similar deconvolution has been used to fit the DP 29Si

signal without microwave irradiation (not shown). The T2 contribution corresponds

to the RSi(OSi)2OH sites with R = CH3 or (4-TEMPO)aminopropyl groups. In the

fit, the average chemical shift of T2 sites was fixed to -57 ppm [70, 71].

The introduction of Tn
3 contribution was necessary to obtain a reasonable fit of the

signal foot. The Tb
3 contribution corresponds to the signal of T3 sites close to a

TEMPO moiety, whereas the Tn
3 contribution subsumes the signals of other T3 sites.

The boundary between Tn
3 and Tb

3 sites is not well defined, since there are several

sources of line broadening, including the bulk magnetic susceptibility effect, which

is difficult to estimate [72]. Furthermore, to better constrain the fit, identical full

widths at half maximum have been used for T2 and Tn
3 sites. The integral of Tn

3

contribution is about fivefold larger than that of T2 contribution with or without

microwave irradiation. Conversely, the relative area of Tb
3 contribution increases

from 30 % without microwave irradiation to 40 % with microwave irradiation.

This observation confirms the higher polarization of Tb
3 sites close to unpaired

electrons in direct 29Si DNP.

Figure 4 shows that the DNP-enhanced DP 29Si signal intensity builds up in less

than 10 s. We propose to model the buildup of 29Si signals in direct DNP

experiments as a stretched exponential function

Inorm ¼ I1norm 1� exp � slw
sDNP

� �1=2
" #( )

ð9Þ

where sDNP = 1.3 s is the DNP buildup time constant and I1norm is the asymptotic

normalized intensity for slw � sDNP: This model is proposed since the direct 29Si

DNP does not involve 29Si–29Si spin diffusion and the polarization is transferred

directly via electron-29Si hyperfine interactions. The same interactions govern the

nuclear relaxation via paramagnetic centers in the absence of nuclear spin diffusion

and for randomly distributed impurities in a 3-D space, this relaxation mechanism

results in a buildup of nuclear polarization, which follows an exponential function

of
ffiffi
t

p
[73, 74]. Therefore, it is reasonable to postulate analogous buildup in direct

29Si DNP. Compared to a biexponential model employed in ref. [17], the stretched

exponential model has the advantage of assuming a continuous increase of the

buildup time with increasing distances to the paramagnetic centers.

The value of sDNP = 1.3 s for 1 is much shorter than the buildup times reported

for direct 29Si DNP on mesoporous silica containing nitroxide radicals in frozen

solution (about 4,000 s) [17]. This difference in sDNP values represents a sensitivity
gain by a factor (4,000/1.3)1/2 & 55, which counterbalances the lower DNP

enhancements for solvent-free DNP; and the global DNP enhancement [31] could

be larger for 1 than for mesoporous silica containing frozen solvent.
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4 Conclusion

We demonstrated that co-condensation is supplementary to post-synthesis impreg-

nation for the incorporation of DNP polarizing agents into inorganic materials.

Using this protocol, the 29Si NMR signals of functionalized mesoporous silica was

enhanced by high-field direct 29Si DNP. We also proved the feasibility of solvent-

free DNP for porous materials. The functionalization of materials with nitroxide

radicals allows the removal of solvent molecules from the pores. Even if the

reported DNP enhancements are limited, the polarization buildups with and without

microwave irradiation are fast, which is a significant advantage in terms of

sensitivity. This fast buildup is promising for DNP experiments below 100 K, since

the T1n times are usually long at low temperatures [75, 76]. The direct DNP is

shown to be an alternative to indirect DNP, when the CP transfer is inefficient.

Therefore, the direct DNP will be useful for systems featuring high atomic mobility

or high concentration in unpaired electrons. The DNP enhancement for direct 29Si

can be improved by (i) grafting TOTAPOL derivatives, instead of TEMPO

moieties, in order to benefit from the efficient cross-effect mechanism; (ii) the

optimization of B0 field and radical concentration; (iii) the use of sapphire rotor

instead of ZrO2 rotors since the sapphire is nearly transparent to the 263 GHz of

microwave irradiation [32]. It would be also worth studying the influence of the

nitroxide position and dynamics by varying the length and the flexibility of the

linkage between the nitroxide radical and the silica surface. The impregnation of 1
with organic solvents will permit to distinguish the effects of frozen solvent

presence within the pores and radical grafting on the enhancement in direct and

indirect DNP experiments. The further studies proposed above are currently in

progress.
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○Deṕartement de Chimie, Ecole Normale Supeŕieure, UMR 7203 CNRS/UPMC/ENS, Universite ́ Pierre et Marie Curie, 24 rue
Lhomond, 75231 Paris cedex 05, France

*S Supporting Information

ABSTRACT: We show that dynamic nuclear polarization (DNP) can be used
to enhance NMR signals of 13C and 29Si nuclei located in mesoporous organic/
inorganic hybrid materials, at several hundreds of nanometers from stable
radicals (TOTAPOL) trapped in the surrounding frozen disordered water. The
approach is demonstrated using mesoporous silica nanoparticles (MSN),
functionalized with 3-(N-phenylureido)propyl (PUP) groups, filled with the
surfactant cetyltrimethylammonium bromide (CTAB). The DNP-enhanced
proton magnetization is transported into the mesopores via 1H−1H spin
diffusion and transferred to rare spins by cross-polarization, yielding signal
enhancements εon/off of around 8. When the CTAB molecules are extracted, so
that the radicals can enter the mesopores, the enhancements increase to εon/off
≈ 30 for both nuclei. A quantitative analysis of the signal enhancements in
MSN with and without surfactant is based on a one-dimensional proton spin
diffusion model. The effect of solvent deuteration is also investigated.

1. INTRODUCTION

The self-assembly of surfactants in the presence of silica
precursors allows the synthesis of advanced materials, such as
mesoporous silica1−3 and mesoporous silica nanoparticles
(MSN)4,5 whose properties can be tailored toward applications
in drug delivery,5 sensors,2 photonics,1 and heterogeneous
catalysis.4 The structures of these systems depend on delicate
hydrophobic−hydrophilic equilibria involving the surfactant,
precursors and solvent. A better understanding of the
interactions between these components should allow one to
produce materials with an improved control of their
composition and structure.
Because it can give information on a local atomic scale, solid-

state nuclear magnetic resonance (SS-NMR) spectroscopy is
very well suited to the study of mesoporous materials.6−9

However, poor sensitivity limits the ability of conventional SS-
NMR to characterize surfaces containing nuclei with low
gyromagnetic ratios and/or low natural abundance, such as 13C
and 29Si. It has been shown recently that dynamic nuclear
polarization (DNP) can boost the sensitivity, particularly in
conjunction with magic angle spinning (MAS) at high magnetic
fields.10−21 Sensitivity enhancements of 1−2 orders of
magnitude have been achieved by impregnating dry meso-
porous materials without surfactants with aqueous solutions of
nitroxide biradicals, which can readily enter mesopores that
have diameters of a few nanometers.10−12,14,15
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Herein, we report enhancements achieved in MSN material
containing the templating surfactant cetyltrimethylammonium
bromide (CTAB) and functionalized with covalently bound 3-
(N-phenylureido)propyl (PUP). In contrast to surfactant-free
MSN, where the DNP enhancement of the 1H polarization may
be readily induced by radicals, such as TOTAPOL,23 that can
enter the mesopores, the radicals are prevented from entering
the mesopores of MSN if they contain CTAB, so that the 1H
polarization must diffuse over distances up to several hundreds
of nm before being transferred to 13C or 29Si nuclei via cross-
polarization (CP). The propagation of DNP-enhanced 1H
polarization via 1H spin diffusion has already been demon-
strated for heterogeneous blends of polymers,24 mesocrystals of
peptides,25 or very recently for microcrystalline organic solids.20

We shall show that polarization enhancements on the order of
εon/off ∼8 can be achieved “remotely” in surfactant-filled
mesopores.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Materials and Structural Character-

ization. The MSN samples used in this study were synthesized
by a previously reported co-condensation method, which
includes functionalization with 3-(N-phenylureido)propyl
(PUP) groups.26,27 CTAB, sodium hydroxide, aniline and
mesitylene were purchased from Sigma-Aldrich, whereas
tetraethoxysilane (TEOS) and 3-isocyanatopropyl-triethoxysi-
lane were acquired from Gelest. All reagents were used as
received. 3-(N-Phenylureido)propyl triethoxysilane was ob-
tained by mixing 3-isocyanatopropyl triethoxysilane (0.50 mL)
with aniline (0.25 mL) in a screw-cap vial and stirring at room
temperature for 1 h. Simultaneously, CTAB (1.02 g), NaOH (2
M, 3.5 mL), and H2O (480 mL) were mixed and vigorously
stirred in a round-bottom flask at 80 °C for 1 h. To the
resulting clear solution, TEOS (5.0 mL) was added dropwise
followed immediately by addition of the 3-(N-phenylureido)-
propyl triethoxysilane, forming a cream-colored precipitate.
The product was isolated by hot filtration, washed with copious
amounts of water and methanol, and dried under vacuum at
room temperature to yield the surfactant-containing PUP-
functionalized MSN, which we shall refer to as dry-S-MSN.
Part of the material was subjected to surfactant extraction by
refluxing with methanol in a Soxhlet apparatus. The resulting
surfactant-free solid product, with the PUP molecules attached,
was dried under vacuum at room temperature, and will be
referred to as dry-Ex-MSN.
The surface area and pore size distribution of dry-Ex-MSN

were measured by nitrogen sorption isotherms using a
Micromeritics Tristar analyzer, and calculated by the
Brunauer−Emmett−Teller (BET) and Barrett−Joyner−Halen-
da (BJH) methods. The sample displayed a type IV isotherm
typical of mesoporous materials (Figure S1, Supporting
Information) with a surface area of 518 m2.g−1, a pore volume
Vp = 0.59 cm3.g−1 and a narrow pore size distribution with a
sharp maximum centered at 3.7 nm (Figure S2, Supporting
Information). Small-angle powder X-ray diffraction patterns
were obtained with a Rigaku Ultima IV diffractometer using a
Cu target at 40 kV and 44 mA. The Cu Kβ radiation was
removed using a monochromator. The pattern showed 100,
110, 200, and 210 reflections corresponding to a 2D hexagonal
array of mesopores characteristic of MCM-41 type materials
(Figure S3, Supporting Information). The particle size
distribution of MSN was determined by dynamic light
scattering in a Malvern Nano Zetasizer ZS90. The samples

were prepared by suspending the particles in ethanol (100
μg·mL−1) and sonicating in a bath ultrasonicator for 1 min. The
analysis indicated that 85% of the particles had hydrodynamic
diameters between 140 and 460 nm with the maximum of the
distribution centered at 220 nm (Figure S4, Supporting
Information). A transmission electron microscopy (TEM)
picture was obtained with a Tecnai G2 F20 electron
microscope operating at 200 kV (Figure 1a).

2.2. Sample Preparation for DNP Measurements. The
samples for solid-state DNP NMR experiments were prepared
at room temperature by impregnating dry-Ex-MSN and dry-S-
MSN with a 12.5-mM solution of TOTAPOL in H2O without
cryoprotectant such as glycerol. Water was preferred over other
solvents because it does not give any signals in 13C and 29Si
NMR. After saturating for a day, the materials were centrifuged
for 5 min at 12110 × g to remove excess solution. The
impregnated samples are referred to as Ex-MSN and S-MSN,
and are schematically represented in Figure 1, parts b and c,

Figure 1. (a) Transmission electron micrograph of a dry-Ex-MSN. (b)
Sketch of Ex-MSN where the aqueous solution of TOTAPOL can
penetrate into the mesopores. (c) Sketch of S-MSN functionalized by
covalently bound (PUP) and impregnated with the surfactant
(CTAB), so that the aqueous TOTAPOL solution cannot penetrate
into the mesopores. (d, e) Numbering of carbon atoms in 3-(N-
phenylureido)propyl (PUP) and cetyltrimethylammonium bromide
(CTAB).
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respectively. A matching pair of samples, designated Ex-MSN-
90/10 and S-MSN-90/10, was prepared in the same way using
12.5-mM TOTAPOL dissolved in a 90/10 (w/w) mixture of
2H2O and H2O. The concentration of TOTAPOL in all
samples was measured on a Bruker BioSpin ELEXYS E580E X-
band EPR spectrometer with 2 mW of microwave power, 0.5 G
amplitude modulation, and 4-amino-TEMPO as a reference.
Slow motion spectra were simulated with the EasySpin29

program to extract the hyperfine couplings with 14N nucleus,
the dipolar interaction between the two electrons of
TOTAPOL, and the rotation correlation time, τc. Longitudinal
electron relaxation times (T1e) were measured at 90 K using an
inversion recovery sequence.
2.3. DNP Measurements. The solid-state NMR experi-

ments were performed at 9.4 T (400 MHz for 1H) on a Bruker
BioSpin Avance III DNP NMR spectrometer equipped with a
triple resonance 1H/X/Y 3.2-mm low-temperature (ca. 100 K)
MAS probe and a 263-GHz gyrotron delivering a continuous
microwave power of about 5 W.18 The samples were placed in
3.2-mm sapphire rotors since this material is nearly transparent
to microwaves at 263 GHz.30 The microwave irradiation is
highly nonuniform over the sample.31 However, the regions
experiencing high microwave magnetic fields have spatial
dimensions (∼100 μm) that are much larger than the MSN
diameters (<1 μm).28 Therefore, we can assume that (i) the
regions irradiated by microwave have the same chemical
composition than the whole sample and (ii) the DNP
enhancement is uniform at the outer surface of S-MSN (see
section 3.5).
The 1H → 13C and 1H → 29Si CPMAS spectra were acquired

with the microwave irradiation “on” and “off” at a spinning
frequency νr = 10 kHz and the temperature T ∼ 100 K, which
was controlled using a Bruker BioSpin low-temperature cooling
system. The 1H 90° pulse duration was 2.5 μs and the CP
contact time was 1 ms. During the CP transfer, the 1H RF field
amplitude was linearly ramped from 53 to 59 kHz, whereas the
RF amplitude was constant and equal to 46 kHz for both 13C
and 29Si. SPINAL-6432 proton decoupling was applied during
the acquisition with an 1H RF field amplitude of 95 kHz. The
13C and 29Si spectra typically resulted from the accumulation of
512 to 1024 transients with a recovery delay of 1.3 s, leading to
total experimental times of 11 to 22 min. The 13C and 29Si
chemical shifts were referenced with respect to tetramethylsi-
lane (TMS) at 0 ppm.

3. RESULTS AND DISCUSSION

3.1. EPR Spectra of Ex-MSN and S-MSN. Figure 2
displays the experimental EPR spectra of Ex-MSN and S-MSN
taken at room temperature and the best-fit simulations. The
spectra yield the overall concentration of TOTAPOL, cm, of
about 9.5 mM in both samples. The correlation times, τc = 410
and 63 ns for Ex-MSN and S-MSN, respectively, confirm that
in Ex-MSN the TOTAPOL molecules are confined within the
mesopores or even adsorbed on the silica surface,12 whereas in
S-MSN their motions are less restricted in the interparticle
voids. Furthermore, the maximum coupling is 7 MHz larger for
Ex-MSN than S-MSN. This coupling is equal to 2Azz + D,
where Azz is the secular hyperfine coupling constant with 14N
nucleus and D is the dipolar coupling constant between the two
unpaired electrons of TOTAPOL. The EasySpin simulations
indicate that the 7 MHz change in the maximum coupling
stems from a change in the D value. Therefore, the distance

between the two electrons is shorter in Ex-MSN than in S-
MSN, which indicates a change in the conformation of
TOTAPOL between the two samples. This change may be
related to the adsorption of TOTAPOL on the mesopore
surface in Ex-MSN. The T1e values of TOTAPOL in Ex-MSN
and S-MSN are identical and equal to 23 μs at 90 K.

3.2. 13C and 29Si Spectra of Ex-MSN and S-MSN. The
conventional and DNP-enhanced 1H → 13C and 1H → 29Si
CPMAS spectra of Ex-MSN and S-MSN are shown in Figure 3.
The 13C resonances are assigned to carbon atoms of PUP and
CTAB (see numbering in Figure 1). The methoxy groups
(−OMe) result from washing the sample with methanol. The
signals CC3 and CC4 in (a) represent the methylene groups in
residual CTAB molecules remaining in the pores after the
extraction. Other carbon resonances in CTAB, which are clearly
visible in (b), are dominated in (a) by the signals of PUP. The
29Si spectra feature the expected broad lines ascribed to silicon
sites Q2 ((SiO)2Si(OX)2), Q

3 ((SiO)3SiOX), Q
4 ((SiO)4Si), T

2

((SiO)2SiROX with R = PUP, X = H or Me), and T3

((SiO)3SiR with R = PUP). No line broadening was observed
in the DNP-enhanced spectra of Ex-MSN and S-MSN because
in both samples the CP process is only effective for 13C and 29Si
nuclei that are not directly affected by the unpaired electrons of
TOTAPOL.33

Also shown in Figure 3 are the enhancement factors,
εon/of f(

13C, 29Si), defined as the ratio of signal intensities with
and without microwave irradiation. Furthermore, we deter-
mined that in both samples the 1H polarization build-up time
with microwave irradiation, τDNP(

1H), was identical to the 1H
longitudinal relaxation time, T1(

1H). We measured τDNP(
1H) =

T1(
1H) = 1.1 and 0.8 s for Ex-MSN and S-MSN, respectively.

The fact that τDNP(
1H) is equal to T1(

1H) was observed in
other systems22,34,35 when using biradical polarizing agents such
as TOTAPOL. The cross-effect (CE) DNP mechanism,23,36

which prevails for biradicals, leads to τDNP(
1H) ≈ T1(

1H),37

whereas τDNP(
1H) < T1(

1H) is expected for the DNP
mechanisms involving the so-called thermal mixing or solid
effects.34,37 Since the evolution of proton polarization with and
without microwave irradiation is governed by the same time
constant (τDNP(

1H) = T1(
1H)), the resulting CPMAS signal

exhibits the same dependence with respect to the recovery
delay, τRD, between two successive experiments. Hence, the

Figure 2. X-band continuous wave EPR spectra of (a) Ex-MSN and
(b) S-MSN recorded at room temperature with the corresponding
best fit.
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enhancement factor εon/of f does not depend on τRD. To
maximize the sensitivity, the spectra of Figure 3 were recorded
with τRD ≈ 1.3 T1(

1H).38

All 13C signals of Ex-MSN show the same enhancement
εon/of f(

13C) = 30 ± 3. Similar ratios εon/of f(
29Si) = 32 ± 2 were

obtained for all 29Si signals. Since the TOTAPOL cannot
penetrate into the mesopores, it is not surprising that S-MSN
exhibits smaller enhancements, but the ratios εon/of f(

13C) = 8.2
± 0.2 and εon/of f(

29Si) = 7.5 ± 1.0 are all the more remarkable.
The large experimental errors stem from the low signal-to-noise
ratio of the spectra obtained without microwave irradiation (see
section II of the Supporting Information). The overall
enhancements are even higher if one compares (i) the signal
amplitudes of Ex-MSN amplified by DNP at 100 K with (ii) the
conventional CPMAS spectrum of dry-Ex-MSN without DNP
at room temperature under otherwise similar conditions. In a
separate study,39 this comparison was made per scan and for a
given overall experimental time, after proper adjustments for
the Boltzmann factor, paramagnetic quenching and effects of
T1(

1H) relaxation.
In the ensuing discussion, we first consider the enhance-

ments εon/of f(
13C) and εon/of f(

29Si) in Ex-MSN and estimate the
polarization losses during 1H spin diffusion (section 3.3). In
section 3.4, we present an estimate of the polarization profile
within S-MSN based on one-dimensional 1H spin diffusion in
the mesopores blocked by CTAB, which accounts for the
observed enhancement ratios εon/of f. Finally, in section 3.5, we
discuss the effect of diluting H2O with 2H2O.

3.3. Polarization Transfer in Ex-MSN. The spectra in
Figure 3a,c show that polarization transfer by DNP enhances
the 13C and 29Si NMR signals of Ex-MSN impregnated with a
TOTAPOL solution by more than 1 order of magnitude.
The similarity between the εon/of f ratios for

13C and 29Si is to
be expected, since they both draw their polarization from the
1H bath, and polarization losses must be due to relaxation
during 1H spin diffusion. These losses can be estimated by
assuming that microwave irradiation transfers the polarization
of the unpaired electrons (via electron−proton coupling) to the
1H nuclei located close to the radicals, just outside the spin
diffusion barrier, rd.

40 The DNP-enhanced 1H polarization is
then distributed through the glassy solvent by spin
diffusion,20,25,41 which is very efficient in Ex-MSN as
manifested by the absence of line narrowing for increasing
τRD and the monoexponential polarization build-up.21 (In the
case of vanishing spin diffusion, as in direct DNP of 13C or 29Si
nuclei, line narrowing is usually observed upon increasing τRD,
as well as stretched exponential buildup of polarization.21,42)
We also note that at νr = 10 kHz, 1H spin diffusion is effective
between water and silanol protons, since the differences in
isotropic chemical shifts between these sites are much smaller
than the effective 1H−1H dipolar couplings.
The pores of Ex-MSN contain a three-dimensional network

of dipolar-coupled protons. However, for the sake of simplicity,
we consider a linear chain of protons with the same isotropic
chemical shift (Figure 4a) under steady-state conditions to
model the 1H spin diffusion between two adjacent TOTAPOL

Figure 3. Natural abundance CPMAS spectra of (a, b) 13C and (c, d) 29Si in (a, c) Ex-MSN and (b, d) S-MSN impregnated with a 12.5 mM
TOTAPOL solution in H2O. In parts a and b, the peaks labeled with ∗ correspond to spinning sidebands. In each subfigure, the DNP-enhanced and
standard spectra are labeled “on” and “off”, respectively. The spectra were acquired at a temperature of about 100 K using 3.2 mm sapphire rotors
spinning at 10 kHz, using a Bruker BioSpin Avance III NMR spectrometer operating at 9.4 T and equipped with a 263 GHz gyrotron. Additional
experimental parameters are given in section 2.3.
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molecules in Ex-MSN mesopores. Assuming that x = 0 halfway
between two TOTAPOL molecules, the edges of the spin
diffusion barrier are located at x = ± (dTotTot/2 − rd), where
dTotTot is the average distance between two TOTAPOL
molecules. At these edges, the 1H polarization is equal to a
constant value Peqε0, where Peq is the

1H polarization at thermal

equilibrium and ε0 is the steady-state enhancement produced
by microwave irradiation near the diffusion barrier. With these
boundary conditions, it can be shown that the polarization P(x)
of the protons between the two diffusion barriers is given by25

ε= −⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

⎛

⎝
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⎞

⎠
⎟⎟P x P

x

DT H

d r

DT H
( ) cosh

( )
/cosh

2

2 ( )
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TotTot d
0 1

1
1

1 (1)

where D is the diffusion constant and T1(
1H) is the proton

spin−lattice relaxation time.
To quantify the polarization P(0) in Ex-MSN where the

radicals can penetrate into the mesopores, we estimate dTotTot
and the average 1H−1H distance dHH. The average value of
dTotTot, in nm, is given by

= − −d c N( 10 )TotTot m
27

A
1/3

(2)

where NA is Avogadro’s number and the overall TOTAPOL
concentration cm = 9.5 mM. Equation 2 yields dTotTot = 5.6 nm.
The average 1H−1H distance dHH in the frozen (undeuterated)
disordered water, also in nm, can be estimated as follows:

ρ
= −

−⎡
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⎥⎥d
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M
2

( H) (H O)

(H O)
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1
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2

25

1/3

2

(3)

where the factor of 2 accounts for the number of protons in
H2O molecule, ρH2O is the density of frozen disordered water
within the Ex-MSN mesopores, na(

1H) = 99.988% is the 1H
natural isotopic abundance, x(H2O) is the molar fraction of
H2O (in %) in the frozen solution and M(H2O) is the molar
mass of water. The density of frozen water within the mesopore
is identical to that of common hexagonal ice, ρH2O = 0.93
g·cm−3.43,44 For x(H2O) = 100, eq 3 yields dHH = 0.25 nm.
We can now evaluate the radius of the spin diffusion barrier

rd and the diffusion constant D in eq 1. Since in the MSN the
longitudinal electron relaxation times, T1e, are shorter than the
transverse 1H relaxation times, T2(

1H), rd is given by12,40

γ
γ
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HH

0

B

1/4

(4)

where S is the effective quantum spin number for electrons in
TOTAPOL, γe and γH are the gyromagnetic ratios of electrons
and 1H nuclei, BS is the spin-dependent Brillouin function, ℏ is
the reduced Planck constant and kB is the Boltzmann constant.
The spin S is equal to 1/2 or 1 depending on the strength and
the type of coupling between the two unpaired electrons in the
TOTAPOL biradical. For Ex-MSN, eq 4 yields rd ≈ 0.6 nm for
S = 1/2 and 0.8 nm for S = 1.
The average dipolar coupling constant, bHH, in rad·s−1

between two 1H nuclei at a distance dHH is given by

π
μ
π
γ

= −
ℏb

d2 4
HH H

HH

0
2

3
(5)

where μ0 is the vacuum permeability and all physical quantities
are expressed in SI units. In a spinning sample, the
corresponding effective dipolar coupling νd expressed in Hz is25

ν
π ν

= b
4d
HH

r

2

2
(6)

Figure 4. (a, c, e) Models of the samples; (b, d, f) corresponding
proton polarization profiles. (a, b) Model and profile for a linear chain
of protons between two TOTAPOL molecules in a frozen glassy
solvent. The white spheres in part a represent the spin diffusion
barriers surrounding the TOTAPOL molecules. The protons located
inside the spin diffusion barrier are not shown, whereas small green
spheres represent those located outside. (c, d) Model and profile for
DNP enhancements in the ‘outer crust’ of the S-MSN (scenario A1).
The white sphere represents the region located closer than 0.5 nm
from the outer surface. The individual mesopores are not depicted in
part c. In part d, the absolute value of coordinate r corresponds to the
distance from the center of the S-MSN. (e, f) Model and profile for
pseudo-one-dimensional spin diffusion along the mesopores of S-MSN
(scenario A2). The schemes are not to scale. The symbols are defined
in the text.
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The spin diffusion coefficient, D, between 1H nuclei can be
estimated as24,25

πν=D dHH d
2

(7)

Using eqs 3, 5, 6, and 7, we obtain D = 1.1 × 103 nm2·s−1 for
Ex-MSN, which is similar to the diffusion constants reported
for fully protonated peptide nanocrystals.25

Returning to eq 1, we can use the above values of D, dTotTot,
and rd to evaluate the polarization loss P(0)/Peqε0 due to
relaxation during 1H spin diffusion. For Ex-MSN, where
T1(

1H) = 1.1 s, this loss is below 1%. Thus, the polarization has
a very homogeneous profile throughout the sample (Figure
4b). Consequently, the enhancement factor εon/of f, which is
proportional to the average 1H polarization, differs from ε0
enhancement near spin diffusion barrier by less than 1% in Ex-
MSN. We can conclude that losses in polarization resulting
from 1H spin diffusion are negligible when the TOTAPOL
biradicals can penetrate into the mesopores. Furthermore, the
uniform 1H polarization throughout the sample entails identical
1H polarizations near various 13C and 29Si nuclei, and hence
identical εon/of f enhancements for

13C and 29Si CPMAS spectra,
as observed in Figure 3, parts a and c.
3.4. Polarization Transfer in S-MSN. As already noted,

long-range polarization transfer by DNP can also enhance 13C
and 29Si NMR signals in S-MSN, despite the fact that the
surfactant inhibits the penetration of the radicals into the
mesopores (Figure 3b,d). The 13C NMR spectra of S-MSN are
dominated by a resonance at 30 ppm representing the CC3 sites
in CTAB. This demonstrates the presence of the surfactant
within the mesopores, which inhibits the access of TOTAPOL,
relegating it primarily to the interparticle voids. Despite the fact
that the particles are several hundreds of nm across (Figure S4,
Supporting Information), the 13C and 29Si NMR signals of S-
MSN acquired with microwave irradiation are enhanced by
surprisingly large factors εon/of f(

13C) = 8.2 and εon/of f(
29Si) = 7.5,

respectively. In the following discussion, we show that this
observation cannot be explained by a DNP enhancement of
nuclei located within the ∼0.5 nm thick outer layer of the
MSN, but must result from spin diffusion of the DNP-
enhanced proton polarization from the surrounding frozen
solvent into the mesopores.
Assuming that the surfactant effectively blocks the access of

TOTAPOL into the mesopores, we can calculate the
distribution of DNP-enhanced 1H polarization under two
antithetical scenarios: (A1) no 1H spin diffusion within the
mesopores of S-MSN; (A2) 1H spin diffusion through the
mesopores of the S-MSN owing to the presence of protonated
CTAB molecules.
The first scenario A1 implies that DNP can only polarize 1H

nuclei located outside of the nanoparticles (Figure 4c). Since
the polarization transfer from 1H to 13C or 29Si is conveyed by
CP, this is limited to at most 0.5 nm in rigid spin systems, since
we have used short contact times τCP = 1 ms.45 Therefore, the
13C or 29Si nuclei can be divided into two classes: (i) the
“outer” nuclei, located at a distance less than 0.5 nm from the
protons residing at the outer surface of the nanoparticles,
benefit from DNP-enhanced polarization in CPMAS experi-
ments when the microwave field is switched on, and (ii) the
“inner” nuclei hidden in the depth of the mesopores, which are
located at distance greater than 0.5 nm from the protons on the
outer surface, are not enhanced by DNP (Figure 4d). If the
MSN particles are assumed to be spherical with a diameter

dMSN, the molar fraction of ‘outer’ 13C or 29Si nuclei xout is given
by
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⎛
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while the fraction of ‘inner’ nuclei is xin = 1 − xout. The
expected enhancement is thus
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where εon/of f(S-MSN) and εon/of f(Ex-MSN) are the DNP
enhancements for S-MSN and Ex-MSN, respectively. If
εon/of f(Ex-MSN) = 31, which is the average of the εon/of f(

13C)
and εon/of f(

29Si) ratios measured in Ex-MSN (Figure 3a, c), eqs
8 and 9 yield 1.2 < εon/of f(S-MSN) < 1.4 for 400 > dMSN > 200
nm. Moreover, these values are upper estimates for εon/of f(S-
MSN), considering the short-range of CP transfers. Clearly,
these estimates are not consistent with the experimental results
shown in Figure 3b, d.
We now investigate the validity of scenario A2. In S-MSN,

the mesopores are blocked so that TOTAPOL cannot enter the
mesopores and the DNP-enhanced 1H polarization can be only
distributed into the bulk of the S-MSN via spin diffusion among
the protons located in the mesopores. Again, these protons
form a three-dimensional network. However, since the length
of the pores is larger by about 2 orders of magnitude than their
radius we can safely assume that that the penetration of DNP-
enhanced 1H polarization into S-MSN is dominated by 1H spin
diffusion along the pore axis. Similar pseudo-one-dimensional
models have already been applied to the analysis of DNP-
enhanced 1H polarization in heterogeneous polymer blends or
peptide mesocrystals.24,25 To estimate the polarization losses
within the mesopores, we disregard the diffusion barrier, which
is much smaller than the average particle size (rd ≈ 1 nm ≪
dMSN ≈ 200−400 nm) and assume that the 1H polarization at
the outer surface of the nanoparticles is identical to that at the
spin diffusion barrier, Peqε0. If x = 0 at the nanoparticle’s center,
we can write

ε− = =
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The average 1H−1H distance, dHH, in the frozen surfactant
CTAB trapped in the mesopores is calculated to be

ρ
= =−
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1

A 25
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where the factor of 42 represents the number of protons per
CTAB molecule, ρCTAB = 1.17 g.cm−3 is the density of CTAB,46

and M(CTAB) = 364.45 g·mol−1 is the molar mass of CTAB.
Using eqs 5, 6 and 7, we obtain a spin diffusion coefficient D =
1.6 × 103 nm2·s−1 for S-MSN, which is slightly larger than the
value D = 1.1 × 103 nm2·s−1 calculated from eq 7 for Ex-MSN.
In the steady state, the pseudo-one-dimensional model leads to
a distribution of 1H polarization in the mesopores given by an
expression similar to eq 1,
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where T1(
1H) = 0.8 s for S-MSN. According to the above

equation, we have 0.008 < P(0)/(Peqε0) < 0.13 for 400 > dMSN >
200 nm. In contrast to Ex-MSN, the 1H polarization in the
center of the surfactant-filled mesopores is strongly reduced
compared to that at the outer surface. An expression for the
average 1H polarization enhancement in the entire nanoparticle
is obtained by integrating P(x) from x = −dMSN/2 to dMSN/2,
which yields13
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According to this model, the εon/off(S-MSN) enhancement is
only 36% of ε0 for dMSN = 200 nm and 18% of ε0 for dMSN = 400
nm. As previously, no significant difference in the 1H
polarization is expected near the 29Si and 13C nuclei, as was
indeed observed (Figure 3b, d). These predicted εon/off(S-
MSN) values are also in very good agreement with the
experimental data in Figure 3. Indeed, with an average particle
size around dMSN = 300 nm (Figure S4, Supporting
Information), the εon/off(

13C) and εon/off(
29Si) ratios measured

in S-MSN are about 25% of those in Ex-MSN. Thus, the signal
enhancement observed in S-MSN can be rationalized by
assuming that the DNP-enhanced 1H magnetization is
transported through the mesopores via 1H−1H spin diffusion
before being transferred to rare spins through the CP process
(scenario A2 according to the model of Figure 4, parts e and f).
3.5. Polarization Transfer in Partially Deuterated

Solvents. The dry-Ex-MSN and dry-S-MSN samples were
impregnated with a 90/10 (w/w) 2H2O/

1H2O mixture, yielding
two new samples Ex-MSN-90/10 and S-MSN-90/10. The
observed line shapes were similar to those in Figure 3.
However, we measured reduced εon/off(

13C, 29Si) ratios (by
about a factor of 2) and a slower polarization build-up. This is
in agreement with earlier reports on similar materials,35 but
stands in contrast to the studies of small organic molecules or
proteins dissolved in partially deuterated solvents, where an
increased fraction of deuterium nuclei typically enhances the
sensitivity by transferring the electron polarization to a smaller
number of remaining 1H nuclei.18,47,48

The reduction of εon/off(
13C, 29Si) ratios induced by

deuteration in Ex-MSN-90/10 and S-MSN-90/10 cannot be
due to the reduction of the 1H mole fraction. The 1H
concentration in pure 1H2O is about 110 M, and is estimated to
be 60 M and 77 M in Ex-MSN and S-MSN, respectively, due to
the presence of a silica scaffold.28 These values exceed the 1H
concentration in samples of organic molecules dispersed in
partially deuterated cryoprotectants, such as [2H8]-glycer-
ol/2H2O/

1H2O (60/30/10 w/w/w), where DNP benefits
from partial deuteration.18 Second, the reduction of the
εon/off(

13C, 29Si) ratios cannot be foreseen by using eq 7 to
calculate the spin diffusion coefficient and extending the
analyses in sections 3.3 and 3.4 to a 90/10 mixture of 2H2O and
1H2O. Indeed, for Ex-MSN-90/10 eqs 3-7 yield dHH = 0.53 nm,
rd ≈ 1.4 nm (for S = 1/2) or 1.8 nm (for S = 1), and D = 49
nm2·s−1. Bearing in mind the longer relaxation time T1(

1H) =
1.4 s in Ex-MSN-90/10, we estimate from eq 1 that P(0) and

Peqε0 differ by only ∼2%. However, the value D = 49 nm2·s−1 is
an upper bound for proton spin diffusion coefficient since in
deuterated solvent, in the absence of 2H decoupling, the dipolar
heteronuclear 1H−2H couplings reduce the spectral overlap
between 1H spin packets and hence hinder the flip-flop process
between the 1H spins.49,50 The slower proton spin diffusion
owing to dipolar 1H−2H couplings should result in difference
larger than 2% between P(0) and Peqε0. Furthermore, water is a
nonglass-forming solvent and the presence of crystalline
domain boundaries can further impede the spin diffusion,25,51

especially within the interparticle voids. Finally, the T1(
1H)

values in Ex-MSN-90/10 and S-MSN-90/10 are considerably
shorter than those previously reported in partially deuterated
cryoprotectants (about 5 s),18,22 thereby requiring a higher 1H
density to ensure an efficient distribution of the polarization.

4. CONCLUSIONS
We have shown that in samples spinning at the magic angle,
DNP can enhance 13C and 29Si signals of nuclei located within
the functionalized mesoporous silica nanoparticles, despite the
inability of TOTAPOL to penetrate into the mesopores. The
DNP enhancements were compared to those obtained for
samples where the surfactant had been extracted so that
TOTAPOL is free to enter the mesopores. The DNP
enhancements in the presence of surfactant were consistent
with predictions based on a one-dimensional 1H spin diffusion
model. Similar mechanisms can be used to remotely enhance
the signals in other organic−inorganic hybrid systems, at
distances on the order of the characteristic diffusion length
((DT1(

1H))1/2). The DNP enhancements can in principle be
improved by using better biradicals such as bCTbk.15 DNP thus
offers new opportunities for the study of organic−inorganic
hybrid materials, including the self-cooperative assembly of
surfactants and the properties of catalytic centers.
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I. Materials and methods
I.1. Synthesis and structural characterization 

Figure S1: Nitrogen sorption isotherm of surfactant-free dry-Ex-MSN with 3-(N-
phenylureido)propyl (PUP) groups attached to the surface. 

Figure S2: Pore size distribution of dry-Ex-MSN.
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Figure S3: Small-angle X-ray diffraction pattern of dry-Ex-MSN.

Figure S4: Particle size distribution in Ex-MSN measured by dynamic light scattering. 
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II. Uncertainties of DNP enhancement factors
For an isotope X, the enhancement factor on/off(X) is defined as 

�on/off (X) Ion(X)
Ioff (X)

(S1)

where Ion(X) and Ioff(X) are the intensities obtained with and without microwave irradiation w
w . The absolute intensity errors Ion(X) and Ioff(X) are defined as 

the standard deviations of the noise in the corresponding spectra. Since these errors are not 
correlated, the absolute error, on/off(X), is given by  

��on/off (X) �on/off (X) �Ion(X)
Ion(X)

2 �Ioff (X)
Ioff (X)

2 1/2

, (S2)

where Ion(X)/Ion(X) and Ioff(X)/Ioff(X) are the inverse of the signal-to-noise ratios. 

III. Estimate of proton concentration in DNP samples
The 1H molar concentration in Ex-MSN, cH(Ex-MSN), impregnated with water with natural
isotopic abundance was estimated from 

cH (Ex-MSN) 2
�H2O

M (H2O)
Vp�SiO2

(1 Vp�SiO2
), (S3)

where the factor of 2 accounts for the two protons in H2O, �H2O
and �SiO2

are the mass densities 
of frozen disordered water and silica walls, M(H2O) = 18.01 g•mol-1 is the molar mass of water,
and Vp = 0.59 cm3•g 1 is the combined volume of pores and interparticle space measured by BJH
desorption analysis. The protons in silanol groups and PUP substituents are disregarded. It has 
been shown that the frozen water confined within the mesopores of MSNs has primarily a cubic 
structure.1 The densities of cubic and hexagonal ice are identical and equal to �H2O

= 0.93 g•cm-

3,2 whereas �SiO2
is assumed to be equal to the density of fused quartz, 2.2 g•cm-3. Using Eq. S3,

we found cH(Ex-MSN) 60 M. It follows that the 1H concentration in Ex-MSN-10 is about 6 M.
Similarly, the 1H molar concentration in S-MSN is given by

cH (S-MSN) 42 �CTAB

M (CTAB)
Vp�SiO2

(1 Vp�SiO2
)
, (S4)

where the factor of 42 represents the number of protons per CTAB molecule. Eq. S4 yields cH(S-
MSN) 77 M.
These concentrations are in good agreement with other DNP studies. For example, the 1H
concentration in [2H8]-glycerol/2H2O/H2O mixture (60/30/10 w/w/w) is about 15 M. In a DNP



sample consisting of 8 mg non-deuterated proteins dispersed in this mixture and placed in a 3.2-
mm MAS rotor, the overall 1H concentration is about 40 M.3
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Analysis of sensitivity enhancement by dynamic
nuclear polarization in solid-state NMR: a case study
of functionalized mesoporous materials

Takeshi Kobayashi,a Olivier Lafon,b Aany S. Lilly Thankamony,b Igor I. Slowing,a

Kapil Kandel,af Diego Carnevale,c Veronika Vitzthum,c Hervé Vezin,d

Jean-Paul Amoureux,b Geoffrey Bodenhausence and Marek Pruski*af

We systematically studied the enhancement factor (per scan) and the sensitivity enhancement (per unit

time) in 13C and 29Si cross-polarization magic angle spinning (CP-MAS) NMR boosted by dynamic

nuclear polarization (DNP) of functionalized mesoporous silica nanoparticles (MSNs). Specifically, we

separated contributions due to: (i) microwave irradiation, (ii) quenching by paramagnetic effects, (iii)

the presence of frozen solvent, (iv) the temperature, as well as changes in (v) relaxation and (vi) cross-

polarization behaviour. No line-broadening effects were observed for MSNs when lowering the

temperature from 300 to 100 K. Notwithstanding a significant signal reduction due to quenching by

TOTAPOL radicals, DNP-CP-MAS at 100 K provided global sensitivity enhancements of 23 and 45 for 13C

and 29Si, respectively, relative to standard CP-MAS measurements at room temperature. The effects of

DNP were also ascertained by comparing with state-of-the-art two-dimensional heteronuclear 1H{13C}

and 29Si{1H} correlation spectra, using, respectively, indirect detection or Carr–Purcell–Meiboom–Gill

(CPMG) refocusing to boost signal acquisition. This study highlights opportunities for further improvements

through the development of high-field DNP, better polarizing agents, and improved capabilities for

low-temperature MAS.

1. Introduction

One of the most fundamental challenges in nuclear magnetic
resonance (NMR) is its intrinsically low sensitivity. The signal-
to-noise ratio (S/N) per scan in an NMR measurement depends
upon, among other parameters, the gyromagnetic ratio of the
observed nuclei gobs, the strength of the static magnetic field B0,
the temperature T and the apparent transverse relaxation time,
T�
2 .

1 In solid-state NMR, the detection limits are further

affected by inhomogeneous line broadening, which can reduce
T�
2 by several orders of magnitude.
One of the main strategies for increasing the sensitivity is to

begin by exciting high-g spins and transferring their polariza-
tion to the observed low-g nuclei. This approach is commonly
used in 1H- X cross-polarization (CP), as a means of improving
the sensitivity of hetero-nuclei (X = 13C, 29Si, 15N, etc.) in solids.
Correspondingly larger gains of up to two orders of magnitude
can be achieved by polarizing the nuclei via unpaired electron
spins, as proposed by Overhauser and demonstrated by Slichter
in the 1950s.2,3 This idea, referred to as dynamic nuclear
polarization (DNP), relies on the transfer of polarization from
unpaired electrons to nuclei, which is driven by microwave (mw)
irradiation near the electron spin resonance (ESR) frequency. In
the 1980s and 1990s DNP was combined with 1H- X CP under
magic angle spinning (MAS), and applied successfully to a
variety of solid materials containing unpaired electrons that
occur naturally or are introduced by doping.4,5 In the past
decade, advances in gyrotron technology,6,7 the development
of cryogenic MAS probes for DNP,8 and improved biradicals or
other polarizing agents9–11 enabled researchers to perform DNP
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NMR experiments at higher magnetic fields. One of the most
universal polarizing agents is the biradical 1-(TEMPO-4-oxy)-3-
(TEMPO-4-amino)propan-2-ol (TOTAPOL).10 For favourably
oriented molecules in frozen glasses, the two unpaired elec-
trons of TOTAPOL exhibit ESR frequencies that differ roughly
by the nuclear Larmor frequency.12 This facilitates an efficient
three-spin ‘‘cross-effect’’ involving a flip-flop process of the two
unpaired electrons and a flip of the nucleus.12–14 Significant
signal enhancements can be achieved, not only in biological
systems8,15–20 but also in microcrystalline organic solids21,22 or
on surfaces and subsurfaces of silicates, aluminates, nano-
materials, and metal–organic frameworks (MOFs).23–26

Several studies have addressed the quantification of the
sensitivity enhancement in these experiments.21,26–30 The
DNP enhancement factor is typically determined by comparing
the spectra measured with mw irradiation ‘‘on’’ and ‘‘off’’,
under the same conditions of static field B0 and sample
temperature T, using sufficiently long recycle delays so that
relaxation effects can be neglected. In a study of DNP-enhanced
13C CP-MAS NMR of a solvent-free peptide with covalently
attached TOTAPOL28 a more general enhancement factor was
described which also accounts for effects of the radicals on the
spin-lattice relaxation times T1

H of the protons and on para-
magnetic broadening (‘quenching’) of the signals. The influ-
ence of TOTAPOL concentration (in water/glycerol) on T1

H and
T1r

H relaxation of protons, and the performance of 13C DNP-CP-
MAS NMR in proline was studied by Lange et al.30 Rossini
et al.29 quantified sensitivity enhancements of 29Si DNP-CP-
MAS NMR of passivated hybrid mesoporous silica. In addition
to quenching and T1

H relaxation, they studied the effect of
TOTAPOL on T 0

2 dephasing times of the 29Si nuclei in
1H - 29Si CP-MAS and demonstrated that further signal
enhancement is possible in DNP-CP-MAS experiments by multiple
refocusing using Carr–Purcell–Meiboom–Gill (CPMG) sequences.
Very recently, Takahashi et al.21 compared the sensitivity of 13C
DNP-CP-MAS and conventional CP-MAS for [2-13C]glycine and
microcrystalline cellulose. These recent studies have high-
lighted the importance of optimizing the sensitivity, (S/N)time,
defined as S/N per square root of unit time, rather than the
enhancement per scan. Paramagnetic doping can have positive
or deleterious effects: increasing the signal per observed spin
and allowing for shorter recycle delays on the one hand, and
quenching and broadening the signals on the other. Thus,
careful sample preparation and optimization of the experi-
mental conditions are critical.

Here, we set out to systematically assess the contributions of
various experimental factors to the global sensitivity enhance-
ment in DNP-CP-MAS NMR of both 13C and 29Si nuclei. We
focus on mesoporous silica nanoparticles (MSNs) functiona-
lized with 3-(N-phenylureido)propyl (PUP) groups. In particular,
we compare signals obtained under optimized DNP conditions
and signals achievable at room temperature with non-impregnated
samples exposed to ambient conditions in the laboratory (here-
after, ‘‘dry’’). We take into account differences in relaxation,
polarization transfer, and the chemical environment. Further-
more, we correlate these capabilities with state-of-the-art

two-dimensional (2D) heteronuclear correlation (HETCOR)
spectra utilizing either indirect detection of 13C nuclei via
protons,31,32 or CPMG-enhanced 29Si acquisition.33,34 The
discussion also incorporates contributions to the global sensi-
tivity enhancement that were not addressed experimentally,
stemming from potential changes in line widths, solvent
effects, the Boltzmann factor, and probe characteristics. The
results of this study offer additional insights into the potential
of DNP for functionalized surfaces and highlight the need for
further improvements.

2. Experimental
2.1. Materials

The PUP-functionalized MSNs (PUP-MSNs) were prepared using
a previously reported co-condensation method.35,36 Cetyltri-
methylammonium bromide (CTAB), sodium hydroxide, aniline
and mesitylene were purchased from Sigma-Aldrich. Tetra-
ethoxysilane (TEOS) and 3-isocyanatopropyl-triethoxysilane
were purchased from Gelest. All reagents were used as received.
3-Isocyanatopropyl triethoxysilane (0.50 mL) was mixed with
aniline (0.25 mL) in a screw-cap vial and stirred at room
temperature for 1 h to give crude 3-(N-phenylureido)propyl
triethoxysilane. Simultaneously, CTAB (1.02 g), mesitylene
(5.0 mL), NaOH (2 M, 3.5 mL), and H2O (480 mL) were mixed
in a round-bottom flask and heated at 80 1C for 1 h with
vigorous stirring. To the resulting clear solution, TEOS (5.0 mL)
was added drop-wise followed immediately by drop-wise addi-
tion of the crude 3-(N-phenylureido)propyl triethoxysilane,
forming a cream-colored precipitate. The product was isolated
by hot filtration, washed with copious amounts of water and
methanol, and dried under vacuum at room temperature. The
template was extracted by refluxing methanol in a Soxhlet
extractor. The resulting surfactant-free solid product was dried
under vacuum at room temperature. The concentration of PUP
groups was estimated at 1.3 (�0.1) mmol/g, based on quanti-
tative 29Si NMR spectrum taken using direct polarization.

2.2. Solid-state NMR

2.2.1. Sample preparation. Dry PUP-MSN powder was
mixed with 12.5 mM TOTAPOL dissolved in water with natural
isotopic abundance and stirred using a glass rod. This concen-
tration is known to result in optimal sensitivity enhancements
for mesoporous silica materials.29 After one day of impregna-
tion at room temperature, excess TOTAPOL solution was
removed by centrifugation at 12110 	 g for 5 min. The concen-
tration of TOTAPOL in the samples was measured on a Bruker
Biospin ELEXYS E580E X-band ESR spectrometer, using 2 mW
of mw power, 0.5 G amplitude modulation, and 4-amino-TEMPO
as reference. The ESR spectrum was simulated with the EasySpin
program37 knowing the g-tensor, the hyperfine couplings with
the 14N nucleus, the dipolar interaction between the two
electrons of TOTAPOL and the rotational correlation time, tc.
To assess the extent of paramagnetic quenching, the PUP-MSN
powder was also impregnated with pure water in natural isotopic
abundance, following the same procedures. The impregnated
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samples were transferred to 3.2-mm sapphire rotors and
weighed. Sapphire is nearly transparent to frequencies higher
than 140 GHz and its excellent thermal conductivity reduces
the sample heating due to mw irradiation and MAS.38,39

2.2.2. DNP NMR measurements. One-dimensional (1D)
1H - 13C and 1H - 29Si solid-state NMR CP-MAS spectra were
obtained at B0 = 9.4 T (400 MHz for protons) using a Bruker
BioSpin DNP NMR spectrometer, equipped with a gyrotron
generating a continuous-wave power of 5 W at 263 GHz. The
mw irradiation was transmitted through a corrugated waveguide
to a triple resonance 1H/X/Y MAS probe for 3.2 mm rotors
spinning at a MAS frequency nR = 10 kHz.10,40 NMR spectra with
mw irradiation ‘‘on’’ or ‘‘off’’ were acquired at a temperature
T = 98 K, which was stabilized using a Bruker BioSpin MAS
cooling system.

2.2.3. Other solid-state NMRmeasurements. Additional 1D
1H - 13C and 1H - 29Si CP-MAS experiments were performed
at 9.4 T on a Chemagnetics Infinity spectrometer with samples
in 5 mm zirconia rotors spinning at 10 kHz. Their temperature
was adjusted to T = 120 or 310 K by employing the Chemag-
netics variable temperature system and calibrated with �5 K
accuracy using KBr as external reference.41 The CP transfers
were optimized separately in all experiments.

All 1H- 13C - 1H and 1H- 29Si 2D HETCOR spectra were
recorded at room temperature on a Varian NMR spectrometer
at 14.1 T (600 MHz for protons) equipped with a MAS probe
with 1.6 mm rotors spinning at nR = 40 kHz. The sensitivity of
these experiments was improved by indirect detection via
protons for heteronuclear 1H–13C correlation and multiple
CPMG refocusing for 1H–29Si correlation.31–34

The experimental parameters are given in the captions,
using the following symbols: nXRF is the magnitude of the
radiofrequency (RF) magnetic field applied to X spins, tCP is
the cross-polarization time, tCPMG is the delay between the
rotor-synchronized p pulses in the CPMG sequence, NCPMG is
the number of echoes, Dt1 is the increment of t1 during 2D
acquisition, and tRD is the recycle delay (we assume that the
acquisition time of free induction decay is negligibly small
compared to the recovery delay). The 1H, 13C and 29Si chemical
shifts were referenced with respect to tetramethylsilane (TMS)
at 0 ppm.

3. Results

The overall concentration of TOTAPOL, cm, in the impregnated
PUP-MSNs was determined by ESR spectroscopy and is about
9.5 mM. The simulation of the X-band ESR spectrum (not
shown) yields a correlation time tc = 410 ns,42 which indicates
that the motions of the TOTAPOL molecules are strongly
restricted in the mesopores of MSNs. This observation suggests
some adsorption of TOTAPOL onto the silica surface.25 The
parameters extracted from the fit of the X-band ESR spectrum
were used to simulate the ESR spectrum at 263 GHz which
exhibits a 1.1 GHz inhomogeneous broadening due to
g-anisotropy. This greatly exceeds the 1H Larmor frequency
at 9.4 T and favours the cross-effect DNP mechanism

involving two unpaired electrons in TOTAPOL.12–14,39,43 The
amplitude of the microwave field in the sample does not exceed
a few MHz,44 thus only a small fraction of the unpaired
electrons can be saturated by the microwave irradiation
in a static sample. However, in a spinning sample the ESR
resonance frequencies are modulated by the sample rotation,
so that a larger fraction of unpaired electrons can be affected
by the microwave field, thereby contributing to the DNP
enhancement.45,46

To separate various contributions to the global DNP
enhancement, we carried out a series of 1H - 13C and 1H - 29Si
CP-MAS experiments using the samples and experimental con-
ditions summarized in Table 1.

Fig. 1 shows 1H - 13C and 1H - 29Si CP-MAS spectra of
H2O*-LT-on and H2O*-LT-off. The first spinning sideband (SSB)
of the aromatic carbons overlaps with aliphatic signals. Fig. 1
clearly demonstrates the DNP enhancement per scan (see
eqn (1)) in both 13C and 29Si spectra (escanon/off E 23 for both
nuclei).

As expected, the longitudinal relaxation times T1
H of the

proton bath, summarized in Table 2, are strongly influenced by

Table 1 Summary of samples and experimental conditions used in 1H - 13C
and 1H - 29Si CP-MAS experiments at 9.4 T

Experimenta Solvent T [K] TOTAPOL mw

H2O*-LT-on H2O 98 Yes On
H2O*-LT-off H2O 98 Yes Off
H2O-LT-off H2O 120 No Off
Dry-LT-off None 120 No Off
Dry-RT-off None 310 No Off

a H2O: samples with H2O, dry: samples without solvent exposed to
ambient conditions in the laboratory, ‘*’: samples with TOTAPOL, LT:
low temperature, RT: room temperature, ‘on’: with mw irradiation, ‘off’:
without mw irradiation.

Fig. 1 (a) 1H - 13C and (b) 1H - 29Si CP-MAS spectra of PUP-MSNs impreg-
nated with aqueous TOTAPOL solution, recorded with and without mw irradiation
at T E 98 K (H2O*-LT-on and H2O*-LT-off, respectively). The spectra were
measured using nR = 10 kHz, tCP = 2 ms, nCRF = nSiRF = 46 kHz during CP, nHRF ramped
from 53 to 59 kHz during CP and nHRF = 95 kHz during the p/2 pulses and
SPINAL-64 1H decoupling.47 The recycle delay was tRD = 1.3 s, 512 scans were
accumulated for 13C (total time = 11 min) and 1024 scans for 29Si (total time =
22 min). The 13C signal assignments in PUP refer to Scheme 1. ‘‘CTAB’’ denotes
the CH2 resonances of the residual cetyltrimethylammonium bromide surfactant
that was not extracted from the pores, whereas ‘‘-OMe’’ represents methoxy
groups due to washing with methanol. In (b), the Tn silicon signals with n = 2 or 3
represent (SiO)nSiR(OX)3–n grafting sites with R = PUP, X = H or Me, whereas Qn

(n = 2, 3 and 4) corresponds to (SiO)nSi(OX)4–n sites.
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the radicals, solvent, and temperature.28,29 The relaxation was
mono-exponential in all samples. The difference in relaxation
times between dry-LT-off and dry-RT-off is attributed to the
reduction of the mobility of the PUP and silanol groups at 120 K
compared to 310 K.

No difference in line broadening was observed in 1H -13C
and 1H -29Si CP-MAS spectra with and without mw irradiation
(see Fig. 1). This can be ascribed to (i) the propagation of DNP-
enhanced 1H polarization via 1H spin diffusion, as previously
observed in organic and hybrid nano- and micro-parti-
cles,15,22,42 and (ii) the low efficiency of CP in the vicinity of
TOTAPOL, owing to short longitudinal and T1r

H relaxation
times in the rotating frame.30 Nuclei in the immediate proxi-
mity of TOTAPOL radicals (on the order of B1 nm or less)30,48

are not observable (‘quenched’) because of paramagnetic
broadening. Furthermore, Fig. 2 shows that TOTAPOL did not
broaden the visible linewidths at the concentrations used in
this study. This is due both to the low CP efficiency near
TOTAPOL and to the atomic-scale disorder in PUP-MSNs,
producing a distribution in 13C and 29Si isotropic chemical
shifts, which masks paramagnetic broadening.

Fig. 3 compares the intensities of 1H - 13C and 1H - 29Si
CP-MAS spectra of the samples dry-RT-off, dry-LT-off and H2O-
LT-off, collected using tRD > 3T1

H. The measurements were

performed at 9.4 T on a Chemagnetics spectrometer. For
comparison between the two 9.4 T spectrometers, the 1H -
13C and 1H - 29Si CP-MAS spectra of the H2O-LT-off sample
were recorded on both instruments (see Fig. 2 and top spectra
of Fig. 3). The RF amplitudes of the 1H decoupling fields were
95 and B40 kHz, respectively, on the spectrometers with and
without gyrotron, hence the broadening of the aliphatic carbon
signals observed without gyrotron. Fig. 3 shows that the
presence of frozen water does not increase the linewidth in
PUP-MSN, since the dry PUP-MSNs already exhibit atomic-scale
disorder. This observation stands in contrast with organic or
biological molecules in frozen solutions, where significant line
broadening due to static disorder in frozen samples has been
reported.49

4. Discussion
4.1. Contributions to the global DNP enhancement

When comparing DNP-CP-MAS with traditional CP-MAS mea-
surements, one must consider not only the effect of mw irradia-
tion on the nuclear polarization, but also the consequences of
introducing the TOTAPOL solution into the pores. As noted
above, TOTAPOL enhances nuclear T1 relaxation, thereby allow-
ing for shorter recycle delays, so that more scans can be
recorded per unit time. On the other hand, the unpaired
electrons can render a fraction of the nuclei unobservable
due to paramagnetic broadening. The frozen solvent (water in
our case) modifies the environment of the nuclei and provides
an abundant pool of 1H nuclei in the pores. This affects the
longitudinal relaxation times T1

H, as well as the efficiency of the
CP process.30 The discussion below includes several additional
factors that were not confronted experimentally.

4.1.1. Enhancement per scan and per unit of time. When
comparing two experiments A and B, the improvement in S/N
can be characterized in terms of an enhancement factor either

Table 2 Proton longitudinal relaxation times T1
H at around 100 K and 9.4 T

Experiment T1
H (s)

H2O*-LT-off 1.1
H2O-LT-off 4.0
Dry-LT-offa 0.17
Dry-RT-offa 1.2

a Samples were handled in an ambient atmosphere.

Fig. 2 (a) 1H - 13C and (b) 1H - 29Si CP-MAS spectra of PUP-MSNs without
TOTAPOL (H2O-LT-off, solid) and with TOTAPOL (H2O*-LT-off, dotted). The recycle
delays were tRD = 5 s for H2O*-LT-off and tRD=15 s for H2O-LT-off, with 512 scans
acquired for both 13C spectra and the 29Si spectrum H2O-LT-off, and 3072 scans
for the 29Si spectrum H2O*-LT-off. The other experimental conditions were the
same as in Fig. 1. The spectra were normalized by dividing the intensities by the
number of scans to compare intensities per scan.

Fig. 3 (a) 1H - 13C and (b) 1H - 29Si CP-MAS spectra of H2O-LT-off (top),
dry-LT-off (middle), and dry-RT-off (bottom), acquired on a 9.4 T spectrometer
without gyrotron using nR = 10 kHz, nHRF = 40 kHz during CP and TPPM
decoupling, and nCRF = nSiRF = 50 kHz during CP. Other experimental conditions
were: tRD = 30 s, tCP = 0.5 ms for 13C and 5 ms for 29Si (H2O-LT-off); tRD = 1 s, tCP =
1 ms for 13C and 5 ms for 29Si (dry-LT-off); tRD = 3.5 s, tCP = 1 ms for 13C and 7 ms
for 29Si (dry-RT-off). The spectra were normalized to compare intensities per scan.

Scheme 1 The PUP functional group.
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per scan (escan) or per unit of experimental time (etime). The former
is defined as the ratio of S/N for long recovery delays

escanðA;BÞ ¼ SAð1Þ
SBð1Þ

NB

NA
; (1)

where, NA and NB are the root-mean-square (rms) amplitudes of
the noise in experiments A and B, SA(N) and SB(N) are the
signal intensities per scan of experiments A and B measured
with recycle delays tRD(A) > 5T1(A) and tRD(B) > 5T1(B), with
T1(A) and T1(B) being the relevant time constants of the build-
up of the nuclear polarization, either towards Boltzmann
equilibrium, or towards the DNP-enhanced polarization. The
expression of escan in the case of partial saturation (tRD(A) o
5T1(A) and tRD(B) o 5T1(B)) is derived in Appendix A.1. If the
rms amplitudes of the noise are identical in experiments A and
B (NA = NB), e

scan(A; B) is equal to the ratio of signal intensities,
SA(N) and SB(N).

In the presence of line broadening, one should separate
the contributions to the enhancement factor, escan, due to the
integrated intensities, eintegral, the line widths, eLW, and the
noise, enoise. In the Appendix A.2, we show that

escan(A; B) = eintegral(A; B) eLW(A; B) enoise(A; B). (2)

However, escan(A; B) does not take into account the changes
in T1 relaxation between experiments A and B. To quantify this
contribution, we must consider the sensitivity enhancement per
unit time:

etimeðA;BÞ ¼ SAð1Þ
SBð1Þ

NB

NA

ffiffiffiffiffiffiffiffiffiffiffiffiffi
T1ðBÞ
T1ðAÞ

s
¼ escanðA;BÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kðA;BÞ

p
(3)

as shown in Appendix A.3. In eqn (3), the factor k(A; B) = T1(B)/
T1(A) is the ratio of longitudinal relaxation times in experi-
ments B and A. For example, in 1H - X CP-MAS experiments,
k = T1

H(B)/T1
H(A).

In the next paragraphs we discuss various contributions to
the global sensitivity enhancement offered by DNP-CP-MAS
experiments.

4.1.2. Microwave effect. The effect of mw irradiation is
given by

eon/off = e(H2O*-LT-on; H2O*-LT-off). (4)

In 1H - 13C and 1H - 29Si DNP-CP-MAS experiments, the
factor escanon/off depends on the efficiency of (i) the polarization
transfer between unpaired electrons and protons located near
the spin diffusion barrier,43,50,51 and of (ii) the propagation of
DNP-enhanced 1H polarization via 1H–1H spin diffusion.15,22,42

Furthermore, in our PUP-MSN samples, as can be seen in Fig. 1,
the mw irradiation affects neither the full width at half
maximum (FWHM) nor the noise amplitude. The enhancement
per scan, escanon/off = 23, which is identical for both 1H - 13C and
1H - 29Si CP-MAS spectra, indicates that the 1H polarization is
identical near various 13C and 29Si nuclei.42 We have also
verified that at 98 K the time constant of the polarization
build-up, tDNP, is equal to the longitudinal proton relaxation
time T1

H(H2O*-LT-off), which is consistent with the assumption

that the cross-effect is dominant in our samples (hence kon/off =
T1

H(H2O*-LT-off)/tDNP = 1).27,29,49,52 (We note that diverging
values of tDNP and T1

H have been observed at temperatures
below 30 K in samples containing frozen glassy solutions of
TEMPO radicals.53,54) Thus, the effect of the recycle delay tRD
does not depend on mw irradiation, and the sensitivity enhance-
ment can be obtained by direct comparison of signal intensities
observed in experiments H2O*-LT-on and H2O*-LT-off, hence e
time
on/off = escanon/off = 23 for both 13C and 29Si.

4.1.3. Effect of radical concentration. The incorporation of
TOTAPOL reduces the longitudinal proton relaxation time T1

H,
but also the apparent transverse relaxation timeT�

2 of nearby nuclei,
leading to line-broadening known as ‘quenching’ since it usually
prevents the observation of nuclei distant by less than a few
Angstroms from unpaired electrons. Furthermore, the introduction
of exogenous radicals also shortens the longitudinal relaxation
times in the rotating frame, T1r, of both

1H and X nuclei, which
affects the CP efficiency. These paramagnetic effects can be assessed
globally by comparing experiments with and without radicals,

epara = e(H2O*-LT-off; H2O-LT-off). (5)

As stated in the previous section (see Fig. 2), the introduc-
tion of TOTAPOL into our PUP-MSN samples affects neither the
linewidths of 13C and 29Si signals nor the noise. However, the
quenching and magnetization losses during CP due to
radicals30 are severe, resulting in escanpara(

13C) = 0.25. For 29Si
nuclei, three independent measurements at 9.4 T yielded
escanpara(

29Si) = 0.59, 0.58 and 0.51. Therefore, we use the value of
0.58 here. However, the effect of quenching is partly compen-
sated by the acceleration of the T1

H relaxation, since kpara =
T1

H(H2O-LT-off)/T1
H(H2O*-LT-off) = 3.6, so that

ffiffiffiffiffiffiffiffiffiffikpara
p ¼ 1:9.

The factor etime
para can be estimated using the measured S/N ratios

and eqn (3) to be etime
para ¼ 0:25

ffiffiffiffiffiffiffi
3:6

p ¼ 0:48 and 0:58
ffiffiffiffiffiffiffi
3:6

p ¼ 1:1 for
13C and 29Si, respectively. Assuming that (i) the TOTAPOL
molecules are homogeneously distributed in frozen water
(which at the concentration of 9.5 mM corresponds to one
biradical molecule per B175 nm3), (ii) the unpaired electrons
in TOTAPOL are roughly 1 nm apart, and (iii) the quenching
affects all nuclei closer than 1 nm from the unpaired electrons,30

the expected values of escanpara should exceed 0.9. The fact that
more significant fractions of both nuclei became ‘‘invisible’’ in
our experiments can be attributed to the large pore diameter
(B5 nm) of the MSNs used in this study, which enabled the
penetration of TOTAPOL biradicals into the pores. Further-
more, it has been suggested that TOTAPOL radicals may be
adsorbed on the surface via hydrogen bonds with silanol and
siloxane groups.25 Such an adsorption can amplify the quench-
ing effect. We also note that the values of escanon/off(

29Si) and escanpara

(29Si) observed for 29Si nuclei in our PUP-MSN samples are in
good agreement with those reported by Emsley and co-workers
for a TOTAPOL concentration of B8 mM in methyl passivated
SBA-15 silica.29 For a concentration that matches ours (B9.5mM),
they reported a higher enhancement factor escanon/off(

29Si) = 33 but
a more pronounced signal loss escanpara(

29Si) = 0.39 due to the
radicals. The significant decrease in NMR signals owing to the
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presence of TOTAPOL in our samples highlights the need to
avoid close contacts of TOTAPOL with the target spins.42

4.1.4. Effect of solvents. The presence of frozen solvent
(here water) affects both the signal intensity and the T1

H

relaxation. These effects are quantified by the factor

esolvent = e(H2O-LT-off; dry-LT-off) (6)

based on spectra such as shown in Fig. 3. In Fig. 3, the 13C
signals from aliphatic carbons in both H2O-LT-off and dry-LT-off
show increased line widths with respect to H2O-LT-off spectra
in Fig. 2, owing to insufficient amplitude of the 1H decoupling
field. To avoid errors due to insufficient decoupling, the
enhancements per scan were evaluated using the integrated
intensities of signals of aromatic carbons, which can be
decoupled with weaker RF fields. In principle, the factor escansolvent

incorporates effects of sample dilution and modifications in CP
efficiency due to the change in 1H density around the detected
nuclei. For porous solids such as PUP-MSNs, the impregnation
with solvent sets a limit to the dilution and the presence of a
larger 1H bath of frozen water improves the CP efficiency per
scan,39 resulting in enhancement factors escansolvent(

13C) = 2.4 and
escansolvent(

29Si) = 1.6. However, the T1
H relaxation was slowed down

by the presence of frozen water (ksolvent = T1
H(dry-LT-off)/

T1
H(H2O-LT-off) = 0.04 according to Table 2). Thus the sensi-

tivity per unit time is decreased for both nuclei (eqn (3) yields
etime
solvent(

13C) = 0.49 and etime
solvent(

29Si) = 0.33).
4.1.5. Enhancement with respect to low temperature

CP-MAS. Since the three contributions described by eqn (4) to
(6) act in concert during the DNP experiment, the enhancement
per scan between H2O*-LT-on and dry-LT-off experiments is
given by

escanDNP = escanon/off escanpara escansolvent. (7)

The corresponding sensitivity enhancement is

etime
DNP ¼ escanDNP

ffiffiffiffiffiffiffiffiffiffiffi
kDNP

p
(8)

with

kDNP = kon/offkparaksolvent, (9)

where kDNP = T1
H(dry-LT-off)/tDNP. Eqn (7) yields escanDNP(

13C) = 14
and escanDNP(

29Si) = 21 for PUP-MSNs. Due to the short T1
H in the

dry-LT-off experiment, the sensitivity enhancement was
reduced with respect to that per scan to etime

DNP(
13C) = 5.5 and

etime
DNP(

29Si) = 8.3.
4.1.6. Global enhancement. Finally, the sensitivity of DNP

experiments has to be compared with conventional NMR
methods at room temperature, with state-of-the-art probes, fast
spinning, optimal pulse sequences, and the highest available
magnetic fields. The global S/N enhancement with respect to
conventional NMR experiment can be evaluated as,

escanglobal = escanDNP escanprobe e
scan
seq escanB escanT (10)

where escanDNP is given by eqn (7) and the factors escanprobe, escanseq ,
escanB and escanT account for the changes in S/N produced
by differences in instrumentation, pulse sequences, static

magnetic field and sample temperature when comparing DNP
and conventional NMR experiments. The resulting global
sensitivity enhancement per unit time is

etime
global ¼ escanglobal

ffiffiffiffiffiffiffiffiffiffiffiffi
kglobal

p
(11)

with

kglobal = kDNPkBkT, (12)

where kB and kT account for the effects of the static magnetic
field and temperature on T1

H relaxation. The factor escanprobe is
determined by characteristics of the coil (geometry, filling
factor, quality factor Q, and temperature) and the temperature
and performance of the preamplifier. The factor escanseq is essen-
tial when comparing experiments acquired with different pulse
sequences, for example with or without recording multiple
echoes using the CPMG sequence. The magnetic field and the
sample temperature can affect both the signal integral (via the
Boltzmann factor) as well as the linewidth.

As an example, for PUP-MSN samples, we compared at the
same static field the sensitivity of DNP-CP-MAS at low tempera-
ture and conventional CP-MAS at room temperature

eglobal = e(H2O*-LT-on; dry-RT-off) (13)

and

kglobal = T1
H(dry-RT-off)/tDNP. (14)

In this case, escanseq = 1 while the Boltzmann factor and the T1
H

times are only influenced by the temperature, escanB = 1, escanT = 3,
kB = 1 and kT = T1

H(dry-LT-off)/T1
H(dry-RT-off) = 7 (using the

values of Table 2). We further assumed that escanprobe = 1. By
inserting the appropriate relaxation times, eqn (11) yields the
global enhancement factors etime

global(
13C) = 23 and etime

global(
29Si) =

45, respectively. The time savings in PUP-MSNs are thus given
by factors (etime

global)
2 = 529 and 2015 for 13C and 29Si, respectively.

In our samples, no significant changes in line widths were
observed between the different experiments (under proper
decoupling) since the dry-PUP-MSN samples already exhibit
significant atomic-scale disorder. In general, the line widths
can be affected by different factors, including paramagnetic
effects, static disorder of the solvent or slower molecular
motions at low temperature, as indeed observed in biological
or organic molecules dispersed in glass-forming solvents or in
metal-oxide frameworks.21,26,49,55 These modifications of the
line widths can lead to eLWpara, e

LW
solvent, or e

LW
T o 1. For instance,

for glycine in a glass-forming solvent, eLWpara e
LW
sovent e

LW
T = 0.2 has

been reported.21 The static magnetic field often affects the line
widths in solids, especially for NMR spectra of quadrupolar
nuclei and protons, as well as NMR signals dominated by a
distribution of isotropic chemical shifts.

The individual contributions and their origins are summar-
ized in Tables 3 and 4. Clearly, the sensitivity enhancements
will vary depending on the chemical structure and morphology
of the samples, e.g., pore diameter, surface passivation with
nonpolar groups, concentration and accessibility of TOTAPOL,
and sample treatment, e.g., removal of paramagnetic oxygen that
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may have a significant effect on T1
H relaxation.29,56 Whatever the

details may be, the time-savings offered by DNP for 1H - 13C
and 1H- 29Si CP-MAS spectra of such materials are remarkable.

4.2. Sensitivity enhancement by other techniques

The DNP enhancements have so far been compared with
conventional 1H - X CP-MAS experiments at around 100 and
300 K. However, several other approaches can be used to boost
the sensitivity of standard NMR. In our earlier studies of
organic–inorganic hybrid materials, we took advantage of
1H - 13C - 1H indirectly detected heteronuclear correlation
as well as CPMG-based detection of 29Si nuclei.33,34 Both of
these approaches can be combined with DNP. Indeed, Emsley
and coworkers have recently used CPMG sequences in 1D DNP-
CP-MAS studies of functionalized silica, which yielded appreci-
able enhancements escanseq on the order of 2 to 5.29 The use of
indirect detection would benefit from further improvements of
fast spinning at low temperatures. Here, we report 2D 1H–13C
and 1H–29Si heteronuclear correlation spectra of the same PUP-
MSN sample taken without the assistance of DNP under the
best possible conditions currently available in our laboratories.

Fig. 4 shows 1D 1H - 13C CP-MAS spectra and 2D 1H -
13C - 1H spectra of the dry-RT-off sample obtained at 14.1 T.
Both data sets were acquired in the same experimental time.
As expected, the 2D experiment provides useful 1H–13C correla-
tions. More surprisingly, it also yields better S/N ratios for
all carbons than the corresponding 1D CP-MAS spectrum

(by a factor of B2 in the case of C7), thus clearly demonstrating
the sensitivity advantage of indirect detection. The comparison
with the 1D 1H - 13C DNP-CP-MAS spectrum (H2O*-LT-on,
Fig. 1a) is not straightforward, due to different magnetic fields,
different spinning frequencies, the presence of spinning side-
bands in the DNP-enhanced spectrum, the use of two con-
secutive CP steps for indirect detection at room temperature,

Table 3 Quantification of the individual contributions to S/N and sensitivity
enhancement when comparing experiments A and B for PUP-MSN

Experiment A Experiment B

escan etime

13C 29Si 13C 29Si

On/Off H2O*-LT-on H2O*-LT-off 23 23 23 23
Para H2O*-LT-off H2O-LT-off 0.25 0.58 0.48 1.1
Solvent H2O-LT-off dry-LT-off 2.4 1.6 0.49 0.33
DNP H2O*-LT-on dry-LT-off 14 21 5.5 8.3
T dry-LT-off dry-RT-off 1.6 2.0 4.3 5.3
Global H2O*-LT-on dry-RT-off 22 43 23 45

Table 4 Origin of the different contributions to sensitivity enhancement

eintegral eLW enoise k

On/Off (i) e�–1H transfer 1a 1 1b

(ii) 1H–1H spin diffusion
Para (i) CP transfer Paramagnetic broadening 1 Paramagnetic relaxation

(ii) Quenching
Solvent CP transfer Static disorder 1 Reduced mobility
Probe (i) Filling factor Field homogeneity Thermal noise 1

(ii) Q factor
Seq. Pulse sequence efficiency 1c 1c 1
B Boltzmann (i) HQ

(2)d ffiffiffiffiffiffi
B0

p
Larmor frequency

(ii) Distribution of diso
(iii) 1H, 19F spectrae

T (i) Boltzmann (i) Mobility 1 Mobility
(ii) CP transfer (ii) Decoupling

a Not necessarily when only a fraction of the sample is enhanced by DNP. b Valid for DNP by the ‘cross-effect’ and fast 1H–1H spin diffusion but not
in all other cases.22,52 c Not when the sequences differ by the RF irradiation during signal acquisition (use of hetero- or homo-nuclear decoupling,
CPMG). d Second-order quadrupolar broadening. e Reduction of the line broadening due to homonuclear dipolar interactions for a larger
difference in resonance frequencies.

Fig. 4 (a) 1D 1H - 13C conventional CP-MAS spectrum and (b) indirectly
detected 2D 1H - 13C - 1H spectrum of PUP-MSNs measured at room
temperature (dry-RT-off) at 14.1 T. The spectra were obtained with nR =
40 kHz, tCP = 1 ms, nCRF = 100 kHz during short pulses and CP, nHRF = 125 kHz
during short pulses and 60 kHz during CP, recycle delay tRD = 1.5 s, nHRF = nCRF =
10 kHz during SPINAL64 heteronuclear decoupling,47 and acquisition time = 3 h
40 min in both experiments: 8600 scans in (a), and 128 increments with Dt1 =
12.5 ms and 32 scans each in (b). The 1H and 13C projections in (b) are shown in
‘skyline’ mode, i.e. only the positive or negative intensities corresponding to the
maximum absolute values are retained.
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the presence of frozen water and its rigidity at low tempera-
tures, and different rotors with capacities of 160 and 8 mL at 9.4
and 14.1 T, respectively. Noting that the 13C spectrum in Fig. 1a
was acquired in just 11 min, while the spectra in Fig. 4 required
3 h and 40 min, it is clear that for 1D spectra, DNP-CP-MAS
offers a sensitivity advantage over other approaches. However,
the measurements of meaningful 2D correlations can be pro-
blematic under current DNP conditions because the frozen
solvent affects the intermolecular interactions on the surface
and, most importantly, participates in the cross-polarization
process. In the best of possible worlds, one could envision a
combination of indirect detection and solvent-free DNP.57 This
is worthy of pursuit and could greatly expand the limits of
modern solid-state NMR.

For heteronuclear correlations of 1H and 29Si, it has been our
experience that the sensitivity of indirect detection can be
surpassed by direct CPMG-enhanced detection of 29Si signals,
which requires only a single CP step and takes advantage of the
slow T 0

2 relaxation of 29Si nuclei.33,34,58,59 The 2D 1H–29Si
CPMG-enhanced spectrum for dry-RT-off sample, processed
as described earlier,25 is shown in Fig. 5, along with 1D
1H - 29Si CP-MAS spectra acquired with and without CPMG
under the same conditions at 300 K and 14.1 T. To avoid
spectral distortions due to differences in T 0

2 of 29Si nuclei,34

only NCPMG = 5 echoes were used, which was sufficient to give

an enhancement etime
seq (dry-RT-off-CPMG; dry-RT-off) = 2.3 and

a good 2D spectrum within a reasonable experimental time
(B18 h). Such 1H–29Si HETCOR spectra are useful to characterize
the conformations of functional groups on the silica surfaces.59

If only the distributions of silicon functionalities need to be
characterized, 1D spectra may be sufficient. In this context, DNP
enhancement is clearly beneficial, especially for qualitative
characterization.23–25 For PUP-MSN samples, a high-quality
DNP-CP-MAS spectrum (Fig. 1b) could be acquired in 22 min
at 9.4 T, yielding a similar S/N ratio as a conventional 1H - 29Si
CP-MAS spectrum (Fig. 5a) acquired at 14.1 T with a much longer
acquisition time of 5.5 h. The change in line shape in the DNP
spectrum can be attributed to the much shorter tCP contact.

5. Conclusions

We assessed various contributions to the signal enhancement
obtained in DNP-CP-MAS studies of functionalized mesoporous
silica nanoparticles (PUP-MSNs) and compared the results with
conventional room-temperature CP-MAS measurements on the
same systems. When comparing 1D CP-MAS experiments per-
formed at low temperature (around 100 K), the sensitivity
enhancement factors attributable to microwave irradiation
etime
on/off(

13C) = etime
on/off(

29Si) = 23 (see Table 3) exceeded the real
DNP sensitivity enhancement factors corrected for quenching
and changes in relaxation (etime

DNP(
13C) = 5.5 and etime

DNP(
29Si) = 8.3).

However, the global sensitivity enhancements, adjusted for
comparison with conventional 1D CP-MAS at room temperature,
were even higher (etime

global(
13C) = 23 and etime

global(
29Si) = 45). These

results confirm that DNP is useful to probe small surface areas
and surface species with low concentrations. The imminent
development of high-field DNP and improvements of polarizing
agents will likely afford higher sensitivity gains and enable novel
applications. Solvent-free approaches to DNP should eliminate
perturbations due to frozen water which can affect the structure,
reactivity, intermolecular interactions and dynamics on silica
surfaces. Two-dimensional correlation studies of such materials,
combined with indirect detection and CPMG acquisition, which
recently became feasible (albeit time consuming) at room tem-
perature should become possible at low temperatures. These
techniques will necessitate faster spinning at low temperatures,
and thus better control of frictional heating.39 Possible adverse
consequences of fast spinning may include quenching of spin
diffusion and losses of DNP efficiency due tomodulations of ESR
frequencies and the resulting crossings of energy levels.45,46

Appendix
A.1. Enhancement factor escan in the case of partial saturation

For tRD o 5T1, the experimentally determined value S(tRD)
should be corrected to account for partial saturation. Since
the recycle delay tRD is much longer that the contact time and
the duration of signal acquisition, the duration of each scan is
roughly equal to tRD and

S(tRD) = S(N){1-exp[�tRD/T1]}. (A.1)

Fig. 5 The 1H - 29Si CP-MAS spectra for dry-RT-off obtained with (a) 1D
conventional CP-MAS, (b) 1D CPMG-enhanced CP-MAS, and (c) 2D CPMG-
enhanced HETCOR. The spectra were obtained at 14.1 T with nR = 40 kHz, tCP =
7 ms, nSiRF = 100 kHz during CP and p pulses, nHRF = 125 during p/2 pulse and
60 kHz during CP, tCPMG = 5ms, and NCPMG = 5. The 1D spectra were acquired in 5 h
30 min each. In the 2D experiment, the acquisition involved 64 increments, with
400 scans per increment, Dt1 = 50 ms, requiring a total acquisition time = 17 h 45 min.
The 1H and 29Si projections are shown in the skyline mode (see caption to Fig. 4).
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Thus, the general expression for the enhancement per scan
is given by

escanðA;BÞ ¼ SA tRDðAÞð Þ
SB tRDðBÞð Þ

f1�exp½�tRDðBÞ=T1ðBÞ�g
f1� exp½�tRDðAÞ=T1ðAÞ�g

NB

NA
:

ðA:2Þ

A.2. Proof of eqn (2)

The enhancement factor, escan(A; B), defined by eqn (1), can be
written as

escan(A; B) = eintensity(A; B) enoise(A; B), (A.3)

where the enhancement factor for signal intensity is

eintensityðA; BÞ ¼ SAð1Þ
SBð1Þ ðA:4Þ

and, correspondingly,

enoiseðA; BÞ ¼ NB

NA
: ðA:5Þ

In the presence of line broadening, one should consider the
enhancement of the integrated intensities (II)

eintegralðA; BÞ ¼ IIAð1Þ
IIBð1Þ: ðA:6Þ

For a Gaussian or Lorentzian lineshape, the integrated
intensity II is proportional to the product of the intensity S
and the full-width at half maximum (FWHM)

II = a 	 S 	 FWHM, (A.7)

where a ¼ 0:5
ffiffiffiffiffiffiffiffiffiffiffiffi
p=ln2

p
for a Gaussian lineshape and p/2 for a

Lorentzian lineshape. Therefore, in order to emphasize the
contributions of the line broadening to escan(A; B), eqn (A.3)
can be recast as eqn (2) with

eLWðA; BÞ ¼ FWHMBð1Þ
FWHMAð1Þ: ðA:8Þ

For a Lorentzian lineshape, FWHM ¼ pT�
2

� ��1 and eLW(A; B)
is equal to the ratio of T�

2 ’s.

A.3. Proof of eqn (3)

The sensitivity, (S/N)time, (i.e. the signal-to-noise per unit of
time) is given by

ðS=NÞtime ¼ S tRDð Þ
N

ffiffiffiffiffiffiffiffi
1

tRD

r
¼ Sð1Þ

N
1� exp �tRD=T1ð Þ½ �

ffiffiffiffiffiffiffiffi
1

tRD

r
:

ðA:9Þ

Since the maximum (S/N)time is achieved for tRD B 1.3T1 if
one uses a simple 901 excitation pulse,60 or alternatively for
CP with tRD B 1.3T1(

1H), we can define the optimal
sensitivity as

ðS=NÞtime
opt ¼ Sð1Þ

N

½1� expð�1:3Þ�ffiffiffiffiffiffiffi
1:3

p
ffiffiffiffiffiffi
1

T1

r
: ðA:10Þ

The sensitivity enhancement factor is defined as

etimeðA;BÞ ¼ SA=NAð Þtime
opt

SB=NBð Þtime
opt

: ðA:11Þ

Substituting eqn (A.10) into eqn (A.11) leads to eqn (3).
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ABSTRACT: By means of a true sensitivity enhancement
for a solid-state NMR spectroscopy (SSNMR) experiment
performed under dynamic nuclear polarization (DNP)
conditions, corresponding to 4−5 orders of magnitude of
time savings compared with a conventional SSNMR
experiment, it is shown that it is possible to record
interface-selective 27Al−27Al two-dimensional dipolar
correlation spectra on mesoporous alumina, an advanced
material with potential industrial applications. The low
efficiency of cross-polarization and dipolar recoupling for
quadrupolar nuclei is completely negated using this
technique. The important presence of pentacoordinated
Al has not only been observed, but its role in bridging
interfacial tetra- and hexacoordinated Al has been
determined. Such structural information, collected at low
temperature (∼103 K) and 9.4 T with the use of DNP,
would have been impossible to obtain under standard
conditions, even using a higher magnetic field. However,
here it is demonstrated that this information can be
obtained in only 4 h. This work clearly opens a new
avenue for the application of SSNMR to quadrupolar
nuclei and notably the atomic-scale structure determi-
nation of catalysis materials such as mesoporous alumina.

Porous materials are a cornerstone of the chemical industry
since they can be employed in heterogeneous catalysis,

separation processes, sensors, photonics, biomaterials, etc.
However, their rational design is currently limited by the lack
of applicable atomic-resolution characterization methods. NMR
spectroscopy can provide detailed information on the atomic-
level structure and dynamics of these heterogeneous and often
disordered systems. Unfortunately, the intrinsic insensitivity of
NMR spectroscopy impedes the examination of interfaces,
which are crucial to the properties of porous materials.
On the basis of the pioneering work of Griffin and co-

workers,1 recent developments in the combination of solid-state
NMR spectroscopy (SSNMR) under magic-angle spinning
(MAS) with dynamic nuclear polarization (DNP) at high
magnetic field have facilitated the acquisition of high-resolution
NMR spectra with greatly enhanced signal-to-noise ratios (S/
N).2 This heralds the imagination and implementation of
previously unrealistic experiments. In this work, one such

experiment has been performed on technologically and
catalytically important mesoporous alumina (Al2O3).

3 This
thermally stable (800 °C) and high-surface-area material
(typically 200−400 m2 g−1) possessing ordered mesopores
(Figure 1 a) has a high concentration of research interest due to

its catalytic significance in the production of biodiesel4 along
with many other applications.5 Utilizing “green” and renewable
fuels is forever becoming increasingly important, and under-
standing mesoporous alumina and its specific role in the
catalysis of biodiesel production will lead to improved
manufacturing methods and therefore increased system
viability.

Received: August 5, 2012
Published: October 24, 2012

Figure 1. (a) Transmission electron micrograph (left) and associated
schematic (right) showing the presence of ordered hexagonal
mesopores throughout the alumina sample studied in this work. (b)
27Al NMR spectra of this sample recorded with a MAS rate of 8 kHz
and a sample temperature of ∼103 K.
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A particular obstacle when knowledge of the local environ-
ment of 27Al nuclei is desired is that conventional SSNMR
radiofrequency (RF) irradiation sequences return very low
efficiencies for quadrupolar nuclei. However, herein it is shown
that in spite of the difficulties arising from the quadrupolar
nature of 27Al, DNP-enhanced SSNMR can be used to perform
sophisticated yet fast interface-selective characterization meas-
urements. Previous studies have shown that when protons are
located only at the surface/interface of much larger systems,
cross-polarization (CP) from protons to the nuclei of interest
can result in a surface/interface-selective technique.6 This
technique has been combined with DNP to study surfaces with
greatly improved sensitivity7 as well as γ-alumina, where CP is
very inefficient.8

In this work, the DNP is dominated by the cross-effect (CE)9

between two unpaired electrons in a biradical (TOTAPOL10)
and protons in a glass-forming solvent matrix or at the interface
in the mesoporous alumina. The experiments were performed
on a Bruker BioSpin DNP-SSNMR spectrometer11 equipped
with a gyrotron and connecting transmission line that is able to
provide microwave (μw) irradiation at 263 GHz and ∼5 W at
the sample, in combination with an AVANCE III 400 MHz
wide-bore NMR system and a low-temperature MAS probe
capable of achieving spinning rates of up to 17 kHz for 3.2 mm
rotors at sample temperatures of ∼100 K.
The “DNP-ready” sample was prepared by impregnation

with an excess of solution.12 The mesoporous alumina was first
heated to 408 K for 6 h to ensure that the sample, including the
pores, was dry. A 46 μL aliquot of TOTAPOL solution [20 mM
in a glass-forming mixture of [2H6]DMSO, H2O, and

2H2O
(78, 8, 14 wt %, respectively)] was added to cover 28 mg of the
mesoporous alumina powder. This mixture was stirred
vigorously and then left to rest at room temperature for 24 h
to allow time for the impregnation of the pores by the DNP
chemical matrix. A repetition of centrifuging the mixture
followed by pipetting any supernatant was employed to remove
the excess liquid. The remaining wet powder was added to a
thin-walled zirconia 3.2 mm MAS rotor. It must be stated that
unlike other systems, here it was not necessary to dissolve/
disperse1 the impregnated mesoporous alumina in the DNP
matrix, allowing this system to benefit from the ability to use
the maximum possible amount of the sample of interest
without compromising the DNP enhancement.
The NMR signal enhancement as a result of DNP in this

system can be seen in Figure 1 b. With μw irradiation, the CE
enhances the polarization of protons within the sample. This
polarization is then transferred to the central transition (CT) of
the 27Al nuclei via low-power CP under MAS (CPMAS),13 and
the resulting spectrum is recorded (red line). The experiment is
repeated under the same conditions except without the μw
irradiation (blue line). Here, the DNP enhancement, ε, is
measured simply by comparing the intensities of the spectral
peaks resulting from the CPMAS experiments with and without
μw irradiation. For this system, ε was measured to be 15 for
each of the 27Al peaks. For comparison, the direct excitation
under MAS (DEMAS) spectrum of 27Al is also shown as the
black line in Figure 1 b. As an aside, a similar DNP-ready
sample that used an impregnation time of only 1 h was also
tested and found to have ε = 11. Thus, it appears that longer
impregnation times are necessary to facilitate the penetration of
the TOTAPOL solution into the pores.
In the spectra in Figure 1 b, three discrete 27Al peaks can be

seen. These correspond to hexacoordinated AlVI (δ27
Al = 5

ppm), pentacoordinated AlV (δ27
Al = 36 ppm), and tetracoordi-

nated AlIV (δ27
Al = 70 ppm) sites. Contrary to the literature,8 the

substantial presence of AlV resonances observed here indicates
that the water-based DNP matrix does not significantly
coordinate to these sites, and thus, this solution is applicable
for the study of AlV sites using DNP-enhanced SSNMR
measurements of similar systems. Furthermore, this abundance
of AlV sites at the interface demonstrates the industrial potential
for this mesoporous alumina. Not only does this system exhibit
greater surface area than the more commonly employed γ-
alumina, but it also appears that these AlV sites, which can act as
binding sites for the active phase,14 are much more plentiful.
Not only does the impregnation solution provide the

biradical necessary for DNP and the glass-forming solvents to
best utilize this biradical, but this matrix also provides extra
protons that enhance the CP signal, irrespective of DNP.
Furthermore, the requirement of low temperatures for efficient
DNP has the added advantage of increasing the nuclear
relaxation times, whereas the usually fast relaxation of
quadrupolar nuclei during spin-lock periods limits the success
of CP for measurements at room temperature. The
combination of low temperatures and the addition of these
extra useful protons means that the time savings using this
system for DNP-enhanced CPMAS experiments, relative to
ubiquitous SSNMR systems, cannot be predicted by simply
allowing for the DNP enhancement, the low-temperature gain
(Boltzman factor and reduced thermal noise) while taking into
account sample “bleaching”,15 and the change in relaxation
times due to the paramagnetic effects of the added biradical.
The only true comparison in this (and similar) system(s) is to
record spectra under specific DNP conditions and under
normal SSNMR conditions and compare the S/N per unit
time.16 It should be noted that resolution is also an extremely
important factor, and the apparent line widths should also be
taken into account. In this system, however, the line widths are
dominated by disorder, and there are negligible changes
between the two sets of experimental conditions. A similar
CPMAS experiment was recorded under conventional SSNMR
conditions (9.4 T, 298 K, 8 kHz MAS on a 3.2 mm rotor; data
not shown). Comparing the S/N per unit time for the DNP-
enhanced CPMAS spectrum with that for the conventional
CPMAS spectrum showed that using DNP for this system gave
ε = 184, corresponding to a time-saving factor of ∼34000. This
demonstrates the considerable advantage of using DNP in the
study of this system.
A comparison of the DNP-enhanced CPMAS and the

DEMAS NMR signal intensities for each Al coordination state
can give only a very crude indication of the influence of protons
on each state. The 27AlIV, 27AlV, and 27AlVI peaks were 2.4, 4.6,
and 6.1 times larger in the DNP-enhanced CPMAS spectrum,
respectively. Notably, the line widths (and thus the apparent
transverse dephasing times, T2*) did not vary between the two
spectra, and accordingly, proton couplings were not the limiting
factor of these line widths. A more complete analysis of the
relative influence of protons can be performed using measure-
ments of T2′ , the time constant associated with the
homogeneous contribution to the transverse dephasing, which
cannot be refocused with a π pulse. T2′ values were measured
using a pseudo-two-dimensional (pseudo-2D) spin−echo
experiment with various rotor-synchronized echo times, the
pulse sequence for which is given in Figure S1 in the
Supporting Information. Figure 2 shows the results of such
measurements for each of the Al peaks in the mesoporous
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alumina sample with and without heteronuclear decoupling.
These data demonstrate the effect protons have on each T2′
value and thus on each Al site. Notably, the employed
heteronuclear decoupling was deemed sufficient in that an
increase in power did not affect the value of T2′ (this was
observed for optimized SPINAL-64 decoupling17 with powers
above 90 kHz; data not shown). The ratios of the T2′ value
measured with decoupling to the value measured without
decoupling were 2.3 for AlIV, 2.9 for AlV, and 3.2 for AlVI. This
is in agreement with the relative intensities of the CPMAS and
DEMAS spectra. These corroborating observations indicate
that the interfacial AlVI sites are more heavily influenced by
protons than the interfacial AlV sites, which in turn are more
heavily influenced by protons than the interfacial AlIV sites. This
is consistent with an increase in the number of hydroxo or aqua
groups with increasing coordination number.
The lack of change in T2* for each spectral peak in the

CPMAS and DEMAS experiments noted above could indicate
that heteronuclear decoupling is not necessary. Nonetheless, as
clearly shown in Figure 2, protons have a significant impact on
the spin dynamics of 27Al nuclei. Moreover, in this system the
large influence of protons is not just limited to experiments that
begin with a CP step. This realization is beyond the scope of
the present work but will be discussed in detail in a future
publication.
Figure 2 illustrates the importance of the heteronuclear

decoupling during the spin−echo period; these periods (and
thus the T2′ values) are vital in most SSNMR experiments
involving J couplings.18 A further demonstration of its
importance is given in Figure S2, which compares the spectral
intensities of each 27Al coordination state after CP and then a
spin−echo period with a total duration of 4 ms with and
without 1H decoupling. Globally, the intensities without
decoupling are reduced by 60% relative to those with
decoupling. T2′ values are also important in SSNMR experi-
ments involving dipolar couplings (REDOR-type experiments,
etc.19). Furthermore, other dipolar recoupling sequences
experience magnetization decay times on the order of T2′ that
can also be heavily affected by proton couplings. Thus,
heteronuclear decoupling during these sequences can also be
highly beneficial, as long as interference effects are avoided.

The supercycled symmetry-based dipolar recoupling se-
quence BR22

1 has been shown to be of great utility when
recording homonuclear correlation spectra.20 However, the use
of this and other21 sequences for 27Al has been limited to bulk
studies because of their low efficiency (∼5%), which results
from the intricate spin dynamics of quadrupolar nuclei in the
presence of an RF field and MAS. The entirety of the adapted
pulse sequence used here for interface-selective, DNP-enhanced
correlation spectroscopy of quadrupolar nuclei is given in
Figure S1. This pulse sequence first transfers hyperpolarized
proton magnetization to nearby half-integer-spin quadrupolar
nuclei via a CP step. Next, the sequence creates double-
quantum (DQ) coherences between the CTs of dipolar-
coupled quadrupolar nuclei while removing DQ coherence
contributions involving satellite transitions of a single 27Al
nucleus. The spectra resulting from this sequence then give
information about the spatial proximities between neighboring
nuclei. The variables of this experiment can be optimized using
a one-dimensional (1D) version (no indirect-dimension
increments) that can also be used to demonstrate the
importance of heteronuclear decoupling during the recoupling
periods and also the whole sequence (Figure S2). Moreover,
demanding experiments usually require careful calibrations of
pulses and delays. Here, calibrations of the parameters required
for maximum efficacy of the recoupling sequence could be
performed on the sample of interest in <1 h because of the
huge gain in S/N due to the DNP conditions. Under
conventional SSNMR conditions, these calibrations would
require much longer experimental times even with model
samples.
Once calibrated, the 2D version of this pulse sequence was

used to record the first correlation spectra of quadrupolar
nuclei using DNP. Furthermore, since the sequence begins with
a CP step, the only observed correlations would be between
interfacial 27Al nuclei. Spectra resulting from the implementa-
tion of this sequence on the mesoporous alumina sample are
shown in Figure 3. It has been shown that the BR22

1 recoupling
sequence has an offset dependence,20a so three spectra with
different offsets were recorded to remove any uncertainty in the
data. Possibly the most striking point is that each spectrum
took only ∼4 h to acquire. Under conventional SSNMR
conditions, the acquisition of equivalent data would require
over 15 years for each spectrum! It can be seen that dipolar
correlations between all sites are present (including same-site
correlations between different nuclei, e.g., AlVI−AlVI correla-
tions), except for AlIV−AlVI correlations. Therefore, at the
interface of this material AlV sites connect AlIV and AlVI sites.
To summarize, DNP enhancements (ε) of ∼15 have been

observed on an industrially important sample of mesoporous
alumina using a 9.4 T DNP-SSNMR spectrometer. More
importantly, this translates into a true sensitivity gain per unit
time of 184 relative to equivalent room-temperature measure-
ments. Transcending the sensitivity limitations of cross-
polarization and also dipolar recoupling for quadrupolar nuclei,
the corresponding 4−5 orders of magnitude of time savings
allow not only very fast 1D CPMAS and pseudo-2D
experiments but also interface-selective 2D homonuclear
dipolar correlation experiments to be performed. These 1D
and 2D experiments clearly demonstrate that spatial proximities
involving quadrupolar nuclei can be probed using DNP-
enhanced SSNMR with greatly reduced time scales. Moreover,
the absence of AlIV−AlVI correlations combined with the
presence of AlIV−AlV and AlV−AlVI correlations shows that

Figure 2. Normalized intensity decays for the 27Al peaks with and
without 100 kHz SPINAL-64 heteronuclear decoupling during a spin−
echo period, as functions of the (rotor-synchronized) spin−echo time,
from which T2′ values were determined. This DNP-enhanced
experiment was performed using a MAS rate of 8 kHz, a sample
temperature of ∼103 K, and the pulse sequence shown in Figure S1.
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interfacial AlIV and AlVI sites are bridged by interfacial AlV.
These structural data, together with the results of the influence
of protons on the T2′ of each interfacial site, can be combined
with ab initio calculations to help elucidate the surface structure
of this amorphous material. This work is planned for a future
publication.
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Figure 3. DNP-enhanced, interface-selective DQ−SQ 27Al homo-
nuclear dipolar correlation spectra of mesoporous alumina recorded
using a MAS rate of 8 kHz, a sample temperature of ∼103 K, and the
pulse sequence shown in Figure S1. The total acquisition time for each
spectrum was ∼4 h. For illustrative purposes, the DNP-enhanced
CPMAS spectrum (Figure 1 b), with the three different Al peaks
labeled, is shown at the top.
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Probing 27Al–13C proximities in metal–organic
frameworks using dynamic nuclear polarization
enhanced NMR spectroscopy†
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We show how 27Al–13C proximities in the microporous metal–organic

framework MIL-100(Al) can be probed using advanced 27Al–13C NMR

methods boosted by Dynamic Nuclear Polarization.

Metal–organic frameworks (MOFs) have attracted increasing
attention owing to their high surface area and their wide range
of three-dimensional (3D) architectures that exhibit different
pore apertures and chemical tunabilities. These hybrid
materials represent promising systems for gas storage,
catalysis, capture of radioactive compounds, and drug
delivery.1 Amongst them, aluminium-based MOFs, such as
MIL-100(Al),2 present many advantages, including low cost,
density and toxicity, remarkable thermal stability and high
Lewis acidity that should allow many industrial applications.3

Rational design of MOFs requires a clear understanding of
structure–property relationships and hence calls for characterization
methods endowed with atomic resolution. In particular, solid-state
NMR is well suited to assess structural models of MOF frameworks,
to probe the organization of extra-framework entities,4 and to
analyze atomic-level dynamics.5,6 However, the poor sensitivity of
NMR limits the observation of adsorbed species, defects, etc.,
particularly when the observed nuclei have low gyromagnetic ratios,
low natural abundances or long longitudinal relaxation times (T1).
Besides, the observation of 27Al–13C proximities by NMR in Al-based
MOFs has hitherto been hindered by limitations of common NMR

probes, which cannot be tuned simultaneously to nearby 27Al and
13C Larmor frequencies.

We report here the first observation of 27Al–13C proximities

frequency splitter.7,8 We show that Dynamic Nuclear Polarization
(DNP) can significantly reduce acquisition times for MIL-100(Al) at
100 K. EPR spectroscopy and DNP enhancements prove that the
biradical TOTAPOL9 enters the MIL-100(Al) cavities within tens of
minutes, although its apertures are smaller than 0.88 nm. Besides,
DNP-enhanced 27Al–13C correlation experiments prove that the
MIL-100(Al) framework is not altered by impregnation with a
TOTAPOL solution. So far, DNP of MOFs has only been demon-
strated for 1D spectra under Magic-Angle Spinning (MAS) using
1H - 13C and 1H - 15N cross-polarisation (CP) and 2D 1H–13C
correlation spectroscopy of In-based MIL-68.10 So far, 27Al DNP
has only been reported for g- and mesoporous alumina.11

Fig. 1d shows the EPR spectra of MIL-100(Al) impregnated with a
16 mM aqueous TOTAPOL solution (1). Immediately after impregna-
tion the EPR spectrum is dominated by a triplet due to the isotropic
hyperfine coupling with 14N. During impregnation, an additional
triplet develops mono-exponentially with a time constant of 77 min
(Fig. 1f), which is consistent with the kinetics of the adsorption of
organic molecules on MIL-100 from aqueous solutions.12 This triplet
is due to the anisotropic hyperfine couplingwith 14N and corresponds
to TOTAPOL adsorbed on MIL-100(Al). So far, EPR has never been
used to probe adsorption of radicals onto MOFs.

Fig. 1e and g show 1D 1H- 13C and 1H- 27Al CP-MAS spectra
of 1 with and without microwave (mw) irradiation (Fig. S2a and b,
ESI†). Three 13C signals are resolved, which can be assigned to
three sites of the benzene-1,3,5-tricarboxylate (btc) moiety, based
on the 13C chemical shifts of btc in solution and 2D 27Al–13C
spectra (see below). The 1H - 27Al CP-MAS spectra are similar to
the directly detected 27Al signals of hydrated MIL-100(Al), with
overlapping signals of octahedral Al sites.13 Fig. 1e and g show
DNP enhancements per scan, escanon/off E 8.5, which are identical for
all 13C and 27Al sites. A similar enhancement is measured for the
1H polarization under MAS (Fig. S3, ESI†), which is the source of
the 27Al and 13C polarization when using CP. The radicals do not
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Lille 1, 59652 Villeneuve d’Ascq, France. E-mail: frederique.pourpoint@ensc-lille.fr,

olivier.lafon@univ-lille1.fr; Tel: +33 320436542
b Bruker BioSpin SA, 34, rue de l’Industrie, 67166 Wissembourg Cedex, France
c Institut des sciences et ingénierie chimiques, Ecole Polytechnique Fédérale de

Lausanne, EPFL, Batochime, CH-1015 Lausanne, Switzerland
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affect the linewidths of 27Al and 13C CP-MAS signals.14 As for other
biradicals, the build-up time of the DNP-induced 1H polarization is
equal to T1(

1H) = 0.7 s, as determined without mw irradiation in the
same sample.15 Hence, mw irradiation does not allow reducing the
recovery delay, so that the enhancement per unit time is etime

on/off =
escanon/off E 8.5. When compared to standard room-temperature
CP-MAS spectra of dry MIL-100(Al), DNP-CP-MAS at 100 K provides
a global sensitivity enhancement of etime

global = 10.16

The TOTAPOL molecule is approximately 1.2 nm long and
0.65 nm wide. Hence, it can enter the large cavities of MIL-100(Al)
through the hexagonal apertures of 0.88 nm (Fig. 1a), but not the
small cavities with pentagonal apertures of 0.54 nm (Fig. 1b). The
TOTAPOL diffusion into MIL-100(Al) is confirmed by EPR and by a
quantitative analysis of the DNP enhancement using a 1H spin
diffusion model for spherical samples (see ESI†).

The significant enhancement of escanon/off E 13 for direct 13C
polarization (withMAS but without resorting to CP) corroborates the
presence of TOTAPOL in the pores of MIL-100(Al) (Fig. S4a, ESI†).
The (integrated) intensities of the 13C signals exhibit a stretched
exponential DNP build-up where the longest time constant is a few
hundreds of seconds (Fig. S6, ESI†).14 Polarization build-up curves
are identical with and without mw and etime

on/off = escanon/off do not depend
on the recovery delay. However, 13C linewidths obtained by direct
DNP-MAS (without CP) with short recycle delays are twice broader
than with DNP-CP-MAS (Fig. S5a, ESI†),14 since direct DNP transfer
emphasizes 13C nuclei that are close to TOTAPOL. In this sample,
the sensitivity of 1H - 13C DNP-CP-MAS is approximately equal
to direct 13C DNP-MAS without CP. The disadvantage of direct
polarization compared to CP-MAS is compensated by DNP. On
the other hand, losses due to paramagnetic T1r relaxation during
CP partly cancel sensitivity gains resulting from CP from remote

protons relayed by 1H spin diffusion.16 The enhancement escanon/off =
1.7 is modest for 27Al (Fig. S4b, ESI†). Besides, the direct build-up
of 27Al polarization occurs within a few seconds and no line
broadening is observed (Fig. S5b, ESI†).

The sensitivity enhancement afforded by DNP allows one
to acquire 2D NMR experiments that are precluded under
standard conditions. Fig. 2 shows 27Al–13C Dipolar-mediated
Heteronuclear Multiple Quantum Correlation (D-HMQC) spectra of
MIL-100(Al) (Fig. S2c and d, ESI†). The acquisition of these spectra
was made possible by combining a frequency splitter with DNP for
sensitivity enhancement.7Without DNP, no signal could be seen after
three days in aD-HMQC spectrum of dryMIL-100(Al) using 1H- 13C
CP excitation (CP-D-HMQC) and 13C detection (denoted 13C–{27Al}
hereafter), whereas the signal-to-noise ratio (S/N) of the CP-D-HMQC
spectrum with 27Al detection (denoted 27Al–{13C}) was S/N o 2 after
17 h (Fig. S7, ESI†). This poor sensitivity stems not only from the
1.1% natural abundance of the 13C isotope but also from coherent
and incoherent losses during the D-HMQC sequence. For instance,
the efficiency of the 13C–{27Al} CP-D-HMQC spectrum relative to
1H - 13C CP-MAS is about 10%. The DNP enhancement compen-
sates for this low efficiency, and the 13C–{27Al} CP-D-HMQC spectrum
acquired in 7.1 h exhibits a S/N E 30 for the C3 signal. Under DNP
conditions, 13C–{27Al} CP-D-HMQC spectra are more sensitive than
with 27Al detection, 27Al–{13C}, since 1H - 13C CP-MAS is more
efficient and easier to optimize than 1H - 27Al CP-MAS. Hence,
13C–{27Al} CP-D-HMQC should be preferred in this case.

Such 27Al–13C correlation spectra allow one to identify
27Al–13C proximities in MIL-100(Al). In agreement with the crystal

Fig. 1 Representations of the (a) hexagonal and (b) pentagonal apertures
of MIL-100(Al) (Fig. S1, ESI†). (c) Representation of the btc moiety attached
to Al trimers. (d) 9 GHz continuous wave EPR spectra of 1 at room
temperature after an impregnation time of 0 (black) and 550 min (red).
(f) Evolution of experimental EPR intensity (square symbols) at 3458 G
(dashed line in d) for 1 as a function of impregnation time. The continuous
line is the best mono-exponential fit. (e) 13C MAS NMR spectra of 1 at 100 K
with CP from 1H at B0 = 9.4 T with (black) and without (red) mw irradiation,
using zirconia rotors spinning at nr = 10 kHz. (g) 27Al MAS NMR spectra of 1
under the same conditions with CP from 1H.

Fig. 2 DNP-enhanced (a) 13C–{27Al} CP-D-HMQC 2D spectra of 1 and
(b) 27Al–{13C} at B0 = 9.4 T, nr = 10 kHz and T = 100 K. Additional details are
given in the ESI.†
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structure, C2 and C3 display cross-peaks with several octahedral
Al sites. Weak C1 cross-peaks are also visible. The cross-peak
intensities decrease with increasing 27Al–13C distances: I(C3) >
I(C2) > I(C1) (Table S2, ESI†), thus confirming the assignment of
13C signals based on isotropic chemical shifts in solution. DNP
facilitates the detection of weak cross-peaks and hence of large
27Al–13C distances.

However, simple D-HMQC experiments are not suitable for a
quantitative assessment of 27Al–13C distances. This is possible
using Symmetry-based Rotational-Echo Saturation-Pulse
Double-Resonance (S-RESPDOR) (Fig. S2e, ESI†).8 However,
under standard conditions, the low S/N of S-RESPDOR spectra
acquired in 50 h leads to noisy dipolar dephasing curves
(dry-RT-off data in Fig. 3b). DNP can help to overcome this
problem, although the presence of TOTAPOL accelerates
signal decay and hence decreases the efficiency of S-RESPDOR
(Fig. S8, ESI†).

The DNP-S-RESPDOR curves of Fig. 3 were acquired in only
7 h. DNP is especially useful to detect slow dipolar dephasing,
like for C1 and C2, which correspond to long 27Al–13C distances.
Furthermore, there is a good agreement between the S-RESPDOR
signal fractions of MIL-100(Al) obtained by DNP-NMR and conven-
tional NMR. This result demonstrates that the impregnation with an
aqueous TOTAPOL solution and freezing to low temperature do
not affect the MIL-100(Al) framework. Besides, the experimental
S-RESPDOR signal fractions agree with those expected from the
crystal structure of MIL-100(Al) (Fig. S9, ESI†). This agreement
validates crystal structures obtained from X-ray diffraction analysis.

In summary, we demonstrated by EPR and DNP experiments
that TOTAPOL can diffuse into the large cavities of micro-
porous MIL-100(Al), leading to DNP sensitivity enhancements
for CP-MAS and direct polarization 13C MAS experiments. We
reported the first 2D 27Al–13C correlation experiments on MOFs

and showed that the time required for these experiments can be
reduced using DNP. These experiments validate the crystal
structure of MIL-100(Al) and the assignment of the 13C resonances.
Besides, S-RESPDOR experiments demonstrate that impregnation
and freezing down to 100 K do not alter theMIL-100(Al) framework.
Our new 27Al–13C DNP-NMR methods should have implications
for the characterization of other advanced materials, including
alkylaluminium7,8 andmicroporous organic polymers.17 The reader
is referred to ESI.†
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Supporting Information  

Probing 27Al-13C Proximities in Metal-Organic Frameworks using 
Dynamic Nuclear Polarization enhanced NMR Spectroscopy 

EPR experiments 

MIL-100(Al) was synthesized following the literature procedure.1 It was first heated at 150°C 
overnight to eliminate adsorbed water trapped within the pores of the material. EPR sample 
was prepared by adding about 15 μL of 16 mM TOTAPOL dissolved in water with natural 
isotopic abundance to about 20 mg of MIL-100(Al) dry powder. Just after the addition of 
TOTAPOL solution, 9 GHz continuous-wave EPR spectra were recorded every minute during 
550 min using a Bruker Biospin ELEXYS E580E spectrometer. The spectra were recorded 
with 2 mW microwave power and 0.5 G of amplitude modulation. 

Sample preparation for DNP measurement 

The sample for solid-state DNP NMR experiments was prepared at room temperature by 
impregnating dry MIL-100(Al) with a 16 mM TOTAPOL dissolved in water with natural 
isotopic abundance. Even though other impregnation solvents and polarizing agents were 
tested, including (i) 90/10 (w/w) mixture of 2H2O and H2O (ii) 78/14/8 (w/w/w) mixture of 
[2H6]-DMSO, 2H2O and H2O, the impregnation of MIL-100(Al) with these radical solutions 
resulted in lower DNP enhancement. Typically an aliquot of 60 µL of radical solution was 
added to cover about 30 mg of MIL-100 (Al) dry powder. The mixture was stirred vigorously 
and kept at room temperature for one day. After this saturation, the mixture was centrifuged 
for 5 min at 12110×g and the supernatant was pipetted. The remaining wet powder was 
packed into a thick-walled 3.2 mm zirconia rotor. Zirconia rotors were employed to avoid 
27Al background signal of sapphire rotor. 

DNP and standard NMR measurements at 100 K 

The solid-state NMR experiments at 100 K enhanced or not by DNP were obtained at 9.4 T 
(400 MHz for protons) using a Bruker BioSpin Avance III DNP NMR spectrometer, equipped 
with a gyrotron generating a continous 263 GHz μw irradiation. The μw irradiation was 



transmitted through a corrugated waveguide to a triple resonance 1H/X/Y MAS probe for 3.2 
mm rotors. The μw power at the position of the sample was approximately 6 W. NMR spectra 
with μw irradiation “on” and “off” were acquired at νr = 10 kHz and sample temperature of 
ca. 100 K, which was stabilized by a Bruker BioSpin MAS cooling system.  
The employed NMR pulse sequences are depicted in Fig.S2. The 1H rf-amplitude for 90°-
pulse was 89 kHz. For 1H→13C CP-MAS transfer, the cross-polarization time was 3.2 ms, the 
1H rf field amplitude was linearly ramped from 42 to 85 kHz, whereas the 13C rf field 
amplitude was constant and equal to 42 kHz. For 1H→27Al CP-MAS transfer, the cross-
polarization time was 800 µs, the 1H rf amplitude was 33 kHz, whereas the 27Al rf amplitude 
was equal to 7.6 kHz (central transition selective pulse). SPINAL-643 1H decoupling was 
applied during the acquisition of 13C spectra with an rf amplitude of 89 kHz. No 1H 
decoupling was applied during the acquisition of 27Al spectra. The 1H→13C and 1H→27Al CP-
MAS spectra typically resulted from the accumulation of 64 transients with a recovery delay 
of 1 s, leading to a total experimental time of 1 min. Other parameters of direct 1H, 13C  MAS 
experiments and 27Al Hahn-echo experiments are given in Figs.S3 and S4. The 1H and 13C 
chemical shifts were referenced to tetramethylsilane (TMS) at 0 ppm, whereas the 27Al 
chemical shifts were referenced to 1M AlCl3 aqueous solution. 
DNP-enhanced 13C-{27Al} and 27Al-{13C} CP-D-HMQC 2D spectra and 27Al-13C S-
RESPDOR curves were recorded with μw irradiation. SFAM-1 recoupling was chosen to 
reintroduce the 13C-27Al dipolar couplings owing to its high robustness, its large scaling factor 
of the recoupled dipolar interaction and the negligible 13C-13C dipolar couplings in natural 
abundance.4 The rf field amplitude of 13C 90° and 180° pulses as well as the rf peak amplitude 
of SFAM-1 recoupling were equal to 42 kHz. The rf field amplitude of 27Al 90° and 180° CT-
selective pulses was 5 kHz for CP-D-HMQC experiment, whereas the amplitude of 27Al 
saturation pulse in S-RESPDOR was 46 kHz. The sum of the two SFAM-1 recoupling 
periods, τ, was equal to 6 ms in CP-D-HMQC experiment and was varied from 0 to 5 ms in S-
RESPDOR experiments. Continuous wave 1H decoupling with an rf field amplitude of 89 
kHz was applied during SFAM-1 recoupling periods. SPINAL-64 1H decoupling with an rf 
field amplitude of 89 kHz was also applied during the indirect evolution period, t1, of CP-D-
HMQC experiments. The recovery delays of these experiments was 1 s. The number of 
transients, the number of t1 or τ increments and the total experimental times were equal to 
(640, 20, 7.1 h) for 13C-{27Al} CP-D-HMQC, (640, 26, 16 h) for S-RESPDOR and (4096, 20, 
39 h) for 27Al-{13C} CP-D-HMQC.  
27Al-13C S-RESPDOR experiment at 100 K without microwave irradiation was also acquired 
for dry MIL-100(Al). The experimental parameters are identical to those employed for DNP-
enhanced S-RESPDOR, except for the number of scans, which is 3616. 



Standard solid-state NMR measurements at room temperature 
27Al-{13C} CP-D-HMQC 2D spectra and 27Al-13C S-RESPDOR curves were also aquired at 
room temperature without microwave irradiation. The experimental parameters are identical 
to those of DNP-enhanced experiments, except the number of scans, which was equal at room 
temperature to 2048 and 3616, corresponding to 17 and 61 h, for CP-D-HMQC and S-
RESPDOR, respectively.  

Spin dynamics simulations 
The simulated 27Al-13C S-RESPDOR curves in Fig.S9 were calculated as follows. For each 
13Ci signal, the simulated 27Al-13C S-RESPDOR curve is the sum of the eleven simulated S-
RESPDOR signal fractions for the eleven crystallographically inequivalent Ci sites contained 
in the unit cell. The S-RESPDOR signal fraction was simulated for each crystallographically 
inequivalent site using SIMPSON software5 and a spin system consisting of one 13C nucleus 
surrounded by its two nearest 27Al neighbours in the MIL-100(Al) crystal structure. The 27Al 
quadrupolar interaction was considered up to the second-order and the quadrupolar coupling 
constant, CQ, and the asymmetry parameters of the electric field gradient, ηQ, were equal to 
4.6 MHz and 0.5, respectively. The parameters of the S-RESPDOR pulse sequence were 
identical to the experimental ones. The powder average was calculated using 168 
{αMR,βMR}pairs and 13 γMR angles. The 168 {αMR,βMR}pairs, which relate the molecular and 
rotor frames, were selected according to the REPULSION scheme.  



Fig. S1: Representations of the (a) large and (b) small cavities of MIL-100(Al). Large cavities 
display both (c) hexagonal and (d) pentagonal apertures, respectively, whereas small cavities 
only display pentagonal apertures. The inner diameter and the volume of the cavities are 
indicated below the subfigures a and b, whereas the diameter of the apertures is given below 
subfigures c and d. 



Fig.S2 NMR pulse sequences for: (a) 1D 1H→13C CP-MAS, (b) 1D 1H→27Al CP-MAS, (c) 
2D 13C-{27Al} CP-D-HMQC, (d) 2D 27Al-{13C} CP-D-HMQC, and (e) 27Al-13C CP-S-
RESPDOR. The phase cycling of CP-D-HMQC and CP-S-RESPDOR are given in refs [4] and 
[6], respectively. 



DNP enhancement for CP-MAS if TOTAPOL does not enter into MIL-100(Al) cavities 
To confirm the diffusion of TOTAPOL into the large cavities of MIL-100(Al), we use 
reductio ad absurbum: we assume that TOTAPOL molecules do not penetrate into the MIL-
100(Al) crystals and are relagated into the interparticle voids. The 1H polarization of the 
frozen water within the interparticle voids is assumed to be uniform and equal to Peq ( )Rscan

offon /ε  
where Peq is the 1H polarization at thermal equilibrium and ( )Rscan

offon /ε  is the steady-state 
enhancement per scan produced by microwave irradiation for the protons within the 
interparticle voids. This DNP-enhanced 1H polarization can only enter into the bulk of MIL-
100(Al) crystals via 1H-1H spin diffusion. We assume an uniform proton density within the 
MIL-100(Al) crystals. This proton density can be estimated from the empirical formula and 
the unit cell volume of hydrated MIL-100(Al) to be equal to n(1H) = 4.3×102 Å3.  
The average 1H-1H distance is thus equal to  

( ) nm3.0H 3/11 ≈=
−ndHH

(S1) 
The average dipolar coupling constant, bHH, in rad.s-1 between two protons at a distance dHH is 
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where μ0 is the vaccum permeability and all physical quantities are expressed in SI units. 
Under MAS condition, the effective dipolar coupling, νd, expressed in Hz can be estimated 
as7  
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The 1H-1H spin diffusion coefficient, D, is given by 

dHHdD πν2= (S4) 

Using Eqs.S1 to S4, we obtain D = 6.8×102 nm2.s-1. This spin diffusion coefficient can be 
used to estimate the distribution of 1H polarization within MIL-100(Al) crystals. These 
crystals have an octahedral shape and an average length of 1 μm.8 However, for the sake of 
simplicity, the crystals are assumed to be spheres with a radius R = 500 nm and the diffusion 
to be radial. We also assume that all 1H nuclei within the bulk MIL-100(Al) crystal have an 
identical longitudinal relaxation time of T1 = 0.7 s. The 1H polarization evolves under 
longitudinal 1H relaxation and 1H-1H spin diffusion. Under the above assumption, the 
evolution of 1H polarization within the bulk MIL-100(Al) crystal is given by9 
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Introducing f(r,t) = r[P(r,t)− Peq], Eq.S5 can be written as 
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In the steady-state, all the physical quantities, including f, are time-independent and Eq.S6 
becomes 
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where 1DTlD = is the diffusion length. Here, lD is about 22 nm. Furthermore, the 1H 
polarization at the center of the crystal, P(0), is finite, whereas it is equal to Peq )(/ Rscan

offonε at the 
surface of the crystal. Therefore, boundary conditions for f function are 
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Solving Eq.S7 with the above boundary conditions leads to 
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The enhancement per scan produced by μw irradiation is equal to the ratio of the polarization 
over the volume of the crystal with and without μw irradiation: 

[ ]
⎭
⎬
⎫

⎩
⎨
⎧

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+== ∫ R

l
l
R

R
lRdRrP

PR
D

D

Dscan
offon

R

eq

scan
offon coth1)(31)(

4
3

/03/ ε
π

ε            (S10) 

For mesoporous systems, in which TOTAPOL molecules enter into the mesopores, we have 
measured enhancements per scan due to μw irradiation ranging from 11 to 30 for CP-MAS 
experiments.7,9-11 Therefore, )(/ Rscan

offonε value must fall within the above interval, which leads 
to scan

offon /ε values for MIL-100(Al) crystal ranging from 2.2 to 4.6. These estimates are not 
consistent with the experimental value 5.8/ =scan

offonε (see Fig.1 and S3). Hence, the TOTAPOL 
molecule must penetrate into the MIL-100(Al) cavities. 



DNP-enhanced direct excitation experiments 

Fig.S3 1H MAS spectra of MIL-100(Al) recorded with (black) and without (red) μw 
irradiation. The spectra resulted from the accumulation of 64 transients with a recovery delay 
of 1 s, leading to a total experimental time of 1 min.  



Fig.S4 (a) Direct polarization 13C MAS spectra and (b) 27Al Hahn echo spectra of MIL-
100(Al) recorded with (black) and without (red) μw irradiation. The direct 13C MAS spectra 
were acquired with a 13C 90° pulse length of 6 μs and resulted from the accumulation of 128 
transients with a recovery delay of 60 s, leading to a total experimental time of 128 min. The 
rf amplitude of 27Al 90° and 180° CT-selective pulses was 5.5 kHz and the delay between the 
centers of these pulses was τr = 1/νr. The 27Al Hahn echo NMR spectra resulted from the 
accumulation of 16 transients with a recovery delay of 1.5 s, leading to a total experimental 
time of 24 s.  



DNP enhancement for direct 13C MAS if TOTAPOL is outside MIL-100(Al) cavities 

In MIL-100(Al) with natural isotopic abundance, the 13C spin diffusion is vanishing and the 
DNP transfer is only conveyed by electron-13C interaction. Therefore, the DNP transfer in 
direct 13C MAS experiments is limited to a few nanometers.12 Here, we consider a transfer 
depth of 5 nm. Assuming TOTAPOL is prevented from entering the cavities of MIL-100(Al), 
DNP in direct MAS experiment can only polarize the “outer” nuclei, located at a distance less 
than 5 nm from outer surface of MIL-100(Al) crystals. The molar fraction of “outer” 13C 
nuclei can be estimated as7 
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and the expected enhancement per scan due to μw irradiation is 
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scan
offon εε . (S12) 

With R = 500 nm and 5.8/ =scan
offonε , Eqs.S11 and S12 yield 400)(/ ≈Rscan

offonε , which is 
significantly higher than DNP enhancements per scan reported for direct 13C MAS at 9.4 T.13 
This inconsistency confirms again the presence of TOTAPOL within the cavities of MIL-
100(Al). 



Fig.S5 (a) Comparison between direct 13C MAS and 1H→13C CP-MAS spectra of MIL-
100(Al) recorded with μw irradiation. (b) Comparison between 27Al Hahn echo and 1H→27Al 
CP-MAS spectra of MIL-100(Al) recorded with μw irradiation. The CP-MAS spectra are 
identical to those of Fig.1 in the main text, whereas the direct 13C MAS and 27Al Hahn echo 
spectra are those of Fig.S4. Here, these spectra are scaled to the same absolute intensity to 
highlight changes in spectral resolution.  



Fig.S6 Build-ups of intensity and intregrated intensity of DNP-enhanced direct 13C MAS
signals of (a) C3 and (b) C1,2 sites. The signal intensity, I(τRD), and the integrated intensity, 
II(τRD), are normalized with respect to their value at τRD = 3600 s: Xnorm(τRD) = X(τRD)/ 
X(3600s) with X = I and II. The experimental values are depicted as dots, whereas the best fit 
curves are displayed as continuous lines. 

The buildups of Inorm and IInorm were fitted to a stretched exponential function 

    (S13) 

Where X = I or II,  is the asymptotic value of X, n is an integer number lower than 1, is 
T1 is the build-up time constant. The best fit parameters T1 and n for the C3 and C1,2 signals 
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are given in Table S1. 

Table S1. Parameters T1 and n for the best fits of the buildup curves of DNP-enhanced direct 
MAS signals of C3 and C1,2 sites. 

Sites C3 C1,2 
X I II I II 
n 0.75 0.71 0.73 0.72 

T1 /s 746 449 701 747 

Fig.S7 27Al-{13C} CP-D-HMQC spectrum recorded at 9.4 T, νr = 10 kHz and room 
temperature without μw irradiation.  



Fig.S8 Evolution of reference signals, S0, for sites C1, C2 and C3 versus recoupling time, τ, 
of 27Al-13C S-RESPDOR experiments for experimental conditions H2O*-LT-on (black disks) 
and dry-RT-off (orange diamond). For each site and condition, S0 signal is normalized with 
respect to its value for τ = 0. 



Fig.S9 Experimental 27Al-13C S-RESPDOR fraction curves of the three 13C signals of H2O*-
LT-on (black disks) and dry MIL-100(Al) without microwave irradiation at 100 K (dry-LT-
off, red crosses). 27Al-13C S-RESPDOR fraction curves simulated from the crystal structure of 
MIL-100(Al)14 are also shown (green squares). Details about the simulation of 27Al-13C S-
RESPDOR fraction curves are given above. There is an excellent agreement between 
experimental and simulated S-RESPDOR fraction curves for C1 and C2. The larger 
discrepancy for C3 stems from the presence of third Al neighbors, which were not included in 
the spin system for simulations. 

Table S2. Average distances between each Ci environment and its first and second nearest Al 
neighbours determined from the single crystal structure analysis of MIL-100(Al). 

Site (δiso /ppm) C3 (169) C2 (131) C1 (138) 

d1(Ci-Al)a /nm 0.284 0.417 0.452 

d2(Ci-Al)b /nm 0.290 0.420 0.458 

aAverage distance between Ci environment with i = 1, 2 and 3 and the 
first nearest Al neighbour. bAverage distance between Ci environment and 
the second nearest Al neighbour.  
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Indirect and direct 29Si dynamic nuclear polarization of
dispersed nanoparticles†

Olivier Lafon,*a Aany Sofia Lilly Thankamony,a Melanie Rosay,b Fabien Aussenac,c

Xingyu Lu,a Julien Trébosc,a Viviane Bout-Roumazeilles,d Hervé Vezine and
Jean-Paul Amoureuxa

We show how the 29Si NMR signals of dispersed inorganic nano-

particles of laponites can be enhanced by Dynamic Nuclear Polari-

zation (DNP). The direct DNP enhances the signals of 29Si nuclei

near unpaired electrons, whereas the indirect DNP via 1H enhances

the signals of more remote sites.

As a local and non-destructive technique, solid-state nuclear
magnetic resonance (NMR) provides precious insight into the
atomic-scale structure and dynamics of nanoparticles (NPs),
i.e. materials with three external dimensions sized between
1 and 100 nm.1,2 Nevertheless, the low sensitivity of NMR can
preclude the observation of diluted species, such as the edge,
corner, grafting or surface sites. The sensitivity limitation of
NMR is even more acute for nuclei with long longitudinal
relaxation times (T1n), low natural abundance and/or low
gyromagnetic ratio, such as 29Si.3,4

Herein, we show how the NMR signals of inorganic NPs
dispersed in a frozen solution containing TOTAPOL5 can be
enhanced at high static magnetic field, B0, and under magic-
angle spinning (MAS) using dynamic nuclear polarization
(DNP).3–12 Enhancements of 29Si NMR signals in the order of
10 are reported in direct polarization (DP) and 1H - 29Si cross-
polarization (CP) experiments for laponites (1), an industrial
synthetic clay NP (see Fig. 1), with applications for hybrid
materials and soft matter (cleanser, coating).13–15 Hereafter, the
DP and CP experiments with microwave irradiation are referred to
as direct and indirect DNP, respectively. This protocol should

become a standard for the DNP of NPs, since they are often
dispersed in a liquid phase to prevent their aggregation.16

The dispersion is supplementary to impregnation4,17 and
co-condensation,18 which have been employed for high-field MAS
DNP of porous solids or particle aggregates.3,4,17–19 Hitherto,
dispersion in frozen 1-(TEMPO-4-oxy)-3-(TEMPO-4-amino)-
propan-2-ol (TOTAPOL) solutions has only been demonstrated
for indirect 13C and 15N DNP of biological systems, such as
bacteriophage or peptide mesocrystals.10,11

We also show the complementarity of indirect and direct
29Si DNP: in indirect DNP, 1H spin diffusion distributes the
polarization within the whole sample, whereas direct DNP
enhances the signals of 29Si sites nearer to TOTAPOL. The
polarization buildups in direct and indirect DNP are compared
and the polarization leakage is discussed.

Fig. 2a shows how the indirect 29Si DNP results in a 14-fold
enhancement of 29Si NMR signals of 1 dispersed in TOTAPOL
solution. The concentration in unpaired electrons of 1 is lower
than 100 nm (see the EPR spectrum in Fig. S1a, ESI†). Hence, in
indirect DNP, the polarization is transferred from an exogenous
TOTAPOL radical in the matrix to 29Si nuclei of 1 via 1H spin
diffusion and 1H - 29Si CP. The 29Si NMR spectrum enhanced
by indirect DNP displays two resolved 29Si NMR signals. The
intense peak at �94 ppm corresponds to the (SiO)3Si(OMg) (Q3)
sites, located inside the silicate framework, whereas the weak
peak at�85 ppm is assigned to the (SiO)2Si(OMg)OH (Q2) sites.15

Fig. 1 (a) Schematic representation of 1 NPs, which are disk-shaped crystallites
with a diameter of ca. 25–30 nm.20 The specific surface area of 1 is 370 m2 g�1.
(b and c) Atomic-scale structures of the circular (b) and lateral (c) surfaces. The
sheet of octahedrally coordinated magnesium atoms is sandwiched by two
sheets of silicate.
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We show in the ESI† that the Q2 sites do not only correspond to
the edges of 1, but also to point defects in the silicate sheets,
which might result from the breaking of Si–O–Si bonds and the
formation of Si–OH groups. Interestingly we also show in the
ESI† that the number of Q2 sites not located at the edge of
the NP is about twice the number of Li atoms.

The indirect 29Si DNP is not quantitative since the integral
ratio between Q2 and Q3 signals is about 6 in indirect DNP and
12.5 in quantitative NMR experiments. The lack of quantita-
tiveness for indirect DNP results from the larger CP enhance-
ment of Q2 29Si sites, which are covalently bonded to the O1H
group.21 No line broadening was observed between CP-MAS
spectra with or without microwave irradiation and hence the
DNP enhancements calculated from intensities or integrals are
identical (see Fig. 3a). The absence of line broadening indi-
cates that the indirect DNP enhancements are not higher for
29Si near TOTAPOL. This nearly uniform enhancement stems
from (i) the 1H spin diffusion, which distributes the enhanced
polarization among all 1H in the sample,11 and (ii) the low
CP efficiency near the unpaired electrons owing to short long-
itudinal nuclear relaxation times in the rotating frame, T1nr
and the paramagnetic shifts.22

Fig. 2b shows that direct 29Si DNP using direct polarization
(DP) of 29Si nuclei also produces a high enhancement of the
29Si signal. The enhancement cannot be determined owing to the
low signal-to-noise ratio for DP without DNP. Given the maximal
intensity in the DP-MAS spectrum without microwave irradiation,

the DNP enhancement of intensity must be larger than 9 for
direct DNP.

For a polarization delay, tmw = 120 s, only the Q3 signal at
�94 ppm is visible in Fig. 2b. The signal of the Q2 site is
unresolved owing to line broadening compared to the indirect
DNP (see Fig. S4, ESI†). For longer tmw times, there is a line
narrowing and the Q2 signal is resolved. The line narrowing for
increasing tmw stems from the slower buildup for increasing
distances from TOTAPOL9 since in direct 29Si DNP, the spin
diffusion is vanishing and the polarization is primarily trans-
ferred via electron–29Si interactions.4,8 Hence, direct DNP with
short tmw chiefly polarizes 29Si nuclei near unpaired electrons,
as already observed for low-field 13C direct DNP.8 However, for
tmw = 120 s, direct DNP already enhances signals of 29Si nuclei
3.0–3.5 nm distant from TOTAPOL (see the ESI†).

For indirect 29Si DNP experiments, the identical buildups of
normalized intensities and integrals, Inorm and Anorm, for Q3

sites were fitted by a monoexponential function (see Fig. 3a)

Xnorm ¼ X1
norm 1� exp � tmw

tDNP

� �n� �
 �
ð1Þ

with n = 1 and a buildup time constant, tDNP = 2.37 s. The tDNP
constant is of the same order of magnitude as the T1(

1H), as
expected for a cross-effect (CE).23 The monoexponential
buildup results from the 1H spin diffusion, which suppresses
the heterogeneity of DNP buildup between 1H nuclei experien-
cing different hyperfine interactions.

The direct 29Si DNP buildups, shown in Fig. 3b, cannot be
fitted to a monoexponential function (n = 1 in eqn (1)) owing to
the longer DNP buildup time for increasing 29Si–TOTAPOL
distance. In the case of CE, the buildups of NMR signals are
similar with and without microwave irradiation23 and hence
the direct DNP buildups were fitted to the stretched exponential
function of eqn (1), in analogy with paramagnetic relaxation for
vanishing spin diffusion.24 The value n = 0.5 should be
obtained when (i) the buildup is only governed by 29Si–electron
interactions, and (ii) there is a three-dimensional random
distribution of unpaired electrons.18,25

The best fit parameters of buildups are n = 0.89 and tDNP =
480 s for Inorm and n = 0.83 and tDNP = 330 s for Anorm. The
shorter tDNP value for Anorm stems from the faster polarization
of the 29Si nuclei nearer to TOTAPOL. The n value, intermediate
between 0.5 and 1, indicates that the 29Si nuclei do not only
relax via electron–29Si interactions but also via other inter-
actions, which are independent of the electron–nucleus distance,
such as 1H–29Si dipolar couplings.24,26 This additional relaxation
mode produces a leakage in 29Si polarization and limits the
DNP enhancement, especially for the 29Si nuclei distant from
TOTAPOL.

DNP experiments were also carried out on a natural clay, the
bentonite (2), dispersed in TOTAPOL solution. The major
constituents of 2 are montmorillonite NPs and nanoplates.
The atomic-scale structure of montmorillonite is similar to that
of 1: a layer of Al and Mg atoms in octahedral coordination is
sandwiched by two silicate layers. However, only two-thirds of
octahedral sites are occupied. The EPR spectrum of 2, shown in
Fig. S1b (ESI†), indicates the presence of paramagnetic centers

Fig. 2 Natural abundance 29Si NMR spectra of 1 obtained with (a) CP-MAS and
(b) DP-MAS sequences. In each subfigure, the top and bottom spectra are
recorded with and without microwave irradiation, respectively. All the spectra
were acquired at a MAS frequency nr = 8 kHz and a field B0 = 9.391 T. The sample
temperature was 98 K without microwave irradiation. The tmw delays are 5 s in a
and 120 s in b. Additional experimental parameters are given in the ESI.†

Fig. 3 Buildup curves of 29Si polarization enhanced by (a) indirect and (b) direct
DNP. The DNP-enhanced 29Si signal intensity, I(tmw), of Q3 sites and the DNP-
enhanced integral, A(tmw), of all

29Si signals are normalized with respect to the
signal intensity and integral at tmw = 20 and 2300 s in a and b, respectively:
Xnorm = X(tmw)/X(20) in a and X(tmw)/X(2300) in b with X = I or A. The normalized
intensities and integrals are depicted as blue circles and black crosses. The best-fit
curves are displayed as continuous lines.
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in 2: isolated Fe(III) sites, Fe(III) oxide impurities and Mn(II)
interlayer ions.27 No NMR signal enhancement was measured
for 1H, 27Al and 29Si direct DNP of 2. The absence of DNP
enhancement must stem from the polarization leakage, since
the nuclear relaxation via high-spin (S = 5/2) Fe(III) and Mn(II)
must be faster than the CE DNP from TOTAPOL.

In conclusion, we demonstrated that direct and indirect
DNP enhancements can be obtained for inorganic NPs dis-
persed in TOTAPOL solution. The DNP is especially useful for
the observation of defects, such as the Q2 sites. We also showed
that the direct and indirect 29Si DNP are complementary. The
former allows the observation of 29Si nuclei near paramagnetic
centers, whereas the latter enhances remote 29Si nuclei owing
to 1H spin diffusion and the use of CP. High MAS frequency
could be beneficial for direct 29Si DNP since it will improve the
resolution and the sensitivity for nuclei in the vicinity of
unpaired electrons. For 2, we showed that the DNP enhance-
ments can be quenched by endogenous paramagnetic centers.
The characterization of other nano-objects by high-field DNP is
currently under investigation.

The authors are grateful for funding provided by Region
Nord/Pas de Calais, Europe (FEDER), CNRS, French Minister of
Science, FR-3050, University of Lille 1, ENSCL, Bruker BIOSPIN,
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J. Am. Chem. Soc., 2011, 133, 2104–2107.

4 O. Lafon, M. Rosay, F. Aussenac, X. Lu, J. Trébosc, O. Cristini,
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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.



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 (ΔB > 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, ΔmS = ±1 and ΔmI = ±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



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.

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.



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



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.



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.



Comparison of 29Si NMR spectra enhanced by direct and

indirect DNP

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.



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)



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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a b s t r a c t

We analyze and compare the specifications of TIMES and TIMES0 proton high-resolution NMR methods
for solid-state samples. This comparison is performed in terms of resolution versus magic-angle spinning
(MAS) spinning speed, mR, rf-field amplitude, m1, and tilt-angle for the effective rf-field, hp. The chemical-
shift and homo-nuclear dipolar scaling factors are calculated for both methods. For all MAS speeds, the
best resolution is always observed with rf-field of m1 � 120–130 kHz. At slow MAS speed (mR 6 10 kHz),
the best resolution is observed for a tilt-angle of hP � 90�. At moderate spinning speed (15 6 mR 6 35 kHz),
hP � 55� gives the best resolution. At higher MAS speed (mR P 60 kHz), with TIMES and TIMES0 the best
resolution is obtained for hP 6 40�; but we then recommend TIMES0, owing to its simpler set-up. We also
show that in addition to the usual high rf-field regime (m1 � 120–130 kHz), another low rf-regime
(m1 � 40–50 kHz) exists at MAS speed higher than mR P 60 kHz, which also gives a good 1H resolution.
This low rf-regime should be useful for multi-dimensional analyses of bio-molecules with 1H detection
under high-resolution, in order to limit the heating of the sample.

� 2012 Elsevier Inc. All rights reserved.

1. Introduction

In solid-state nuclear magnetic resonance (NMR) of protons, the
strong homo-nuclear dipolar interactions must be removed to ob-
serve 1H spectra under high resolution. Homo-nuclear dipolar
decoupling can be achieved by magic-angle spinning (MAS) of the
sample and multiple-pulse decoupling [1–4], which average the
spatial and the spin parts of the dipolar Hamiltonian, respectively.
However, in the second case, MAS is also necessary to remove the
broadening from proton chemical-shift anisotropy [3–6]. The goal
of high-resolution proton spectra has driven the development of
numerous homo-nuclear dipolar decoupling sequences [1–33],
and of ultra-fast MAS commercial probes that can presently deliver
spinning frequencies up to mR = 110 kHz [34–36].

Although acquiring spectra using only ultra-fast MAS has the
advantages of simplicity, high sensitivity, and artifact-free spectra
over windowed multiple-pulse experiments, averaging in spin
space with rf-fields far above the mechanical spinning frequency
still outperforms MAS in terms of spectral resolution. Moreover, ul-
tra-fast MAS experiments are impossible to perform in special
cases, such as hetero-nuclear correlations in between 1H and a

low-sensitive nucleus, where a large sample volume is required
for S/N reasons. However, under combined rotation and multiple-
pulse spectroscopy (CRAMPS), both the spatial and spin parts of
the dipolar Hamiltonian are modulated and hence can interfere
with each other depending on their time scales [1,2]. In the early
days of quasi-static sample conditions, the two time scales were
far away from interference, which led to efficient pulse sequences
such as BR-24 [5] and MSHOT [16,17]. However, since many years,
increasing the spinning speed has been a general tendency of solid-
state NMR. Indeed: (i) it decreases the losses in the absence of
CRAMPS [33,35], (ii) it enhances the resolution, (iii) it allows using
low rf-field decoupling regimes, and (iv) it increases the spectral
width of indirect dimensions in rotor synchronized multi-dimen-
sional experiments. Moreover, as increasing the speed is always
obtained with decreased rotor diameters, it benefits from a better
coupling of the magnetization with the coil, resulting in (v)
stronger rf-fields and (vi) higher sensitivity per spin, which is an
advantage for volume-limited sample, such as isotopically labeled
bio-molecules. With increasing MAS frequency, windowless
sequences like the frequency-switched Lee-Goldburg (FSLG)
[10,12], phase-modulated Lee-Goldburg (PMLG) [18], and DUMBO
[19], then became more favorable owing to their short cycle times
(sC) for uses in proton indirectly-detected multi-dimensional spec-
troscopy [37–39]. However, direct acquisition of high-resolution

1090-7807/$ - see front matter � 2012 Elsevier Inc. All rights reserved.
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proton spectra requires insertion of short sampling window peri-
ods into these sequences. As the spinning frequency further in-
creased, the minimum total cycle time, which is limited by the
finite acquisition window and the rf-field strength, got close to
the rotor period (TR) leading to interferences causing severe reso-
nant broadening. Nevertheless, it has been shown that even at ul-
tra-fast MAS (mR > 60 kHz), high-resolution proton spectra can be
obtained with n = TR/sC ratios that avoid the resonant conditions
[25,26,30–33]. It has also been shown recently that two rotor-syn-
chronized sequences, namely RNm

n and SAM [20,21,27–29], can
yield good proton resolution. However, both sequences mostly
work at fast and ultra-fast MAS frequencies.

We have recently proposed a sequence, christened TIMES
(TIlted Magic-Echo Sandwich) [40], which can be tuned for high-
resolution proton spectra under slow to ultra-fast MAS. The basic
unit is a magic-echo sequence with effective field tilted in the
rotating frame, bracketed by two sandwich pulses. The tilt-angle
of the magic-echo, hP, can be tuned for obtaining optimal spectral
resolution according to the spinning frequency. At slow MAS, the
effective field is close to the transverse plane, whereas at very-fast
MAS, optimal resolution is found with the effective field close to
the z-axis resulting in a large chemical shift scaling factor, jcs.
The large frequency offset under this condition increases the effec-
tive field and makes the cycle time very short. The key feature of
the sequence is that the hP tilt-angle can be varied covering three
commonly used decoupling schemes for obtaining high-resolution
proton spectra: MAS-only, the FSLG and PMLG [10,12,18], and the
magic-echo [16,17] experiments, corresponding to effective field
close to the z-axis, the magic-angle, or the xy-plane, respectively.

We have also very recently proposed another high-resolution
method for protons, called TIMES0 (TIMES with zero degree sand-
wich pulse) [35], which is a simplified version of TIMES without
the two sandwich pulses. The pulse sequence of TIMES0 is similar
to that of the most advanced windowed version of PMLG, called
wPMLGx�x

pp [25,26]. However, the two basic concepts of TIMES0
and wPMLGx�x

pp sequences are very different and their optimizations
do not only correspond to a re-parameterizations process [35].

In this article, we would like to analyze what are the specifica-
tions of TIMES and TIMES0, in terms of resolution, according to the
MAS speed and the rf-field requirement. As a test sample, we have
chosen glycine, which presents three proton resonances: one re-
lated to the NH3 group, and the two others to the CH2 group. As
the last two resonances are difficult to resolve to the base line,
the resolution of CH2 resonances will be used as a criterion to as-
sess the efficiency of homonuclear decoupling.

2. Pulse sequences and mathematical description of the
methods

The pulse sequence of TIMES is described in Fig. 1a. Each R block
is composed of two phase ramps of opposite slopes sandwiched by
two pulses. The sequence is submitted to a two-steps super-cycle
(R and R) that makes the sum a pure z-rotation for the chemical
shift, which eliminates false zero and image peaks. The signal is
sampled during the windows situated in between the R and R
blocks. Modulations by this super-cycle create sidebands at the
edges of the spectral window [26].

To simplify the notations, we will always put an I, S or P sub-
script to all parameters describing the Initial, Sandwich or Phase-
ramp pulses, respectively. The on-resonance phase-ramp with m1P
amplitude is equivalent to an effective field of amplitude m1P,eff
and off-resonance frequency, mP,OR, tilted from the z-axis with the
hP angle:

m1P ¼ sin hP � m1P;eff ¼ tan hP � mP;OR ð1Þ

The final phase of each ramp is equal to:

/P;lastð
Þ ¼ 360 � sP � mP;OR ¼ 360 � sP � m1P= tan hP

¼ 360 � sP � m1P;eff � cos hP ð2Þ
During each ramp, the rotation angle of the magnetization

about the effective field is equal to:

wPð
Þ ¼ 360 � sP � m1P;eff ¼ 360 � sP � m1P= sin hP

¼ /P;lastð
Þ= cos hP ð3Þ
The flip-angles corresponding to each sandwich pulse and to the

initial pulse are equal to:

hSð
Þ ¼ 360 � sS � m1S hIð
Þ ¼ 360 � sI � m1I ð4Þ
In the magic-echo experiment [16,17], the rotation angle is as-

sumed to be equal to wP = 360�, and the rf rotating frames related
to the phase-ramps are switched to the z-axis with the sandwich
pulses so that the spin operators are the same between the rf-rota-
tion and the window periods, which leads to hP = hS = h. In that
case, the final phase of each ramp should thus be equal to:

/P;lastð
Þ ¼ 360 � cos h ð5Þ
However, the magic-echo has been proposed in the quasi-static

case, and Eq. (5) may not be fulfilled, especially at ultra-fast MAS.
The TIMES0 pulse sequence, described in Fig. 1b, is deduced

from that of TIMES by skipping the two sandwich pulses, which
means that Eqs. (1)–(3) then still apply. The TIMES0 sequence be-
comes identical to that of wPMLGx�x

pp when hP = 54.736� [25,26].

3. Scaling factors

3.1. Scaling factors of the chemical shift

As the interaction and rotating frames coincide (hS = hP) every
cycle time, sC = 2(sP + sS) + sW (TIMES) or sC = 2sP + sW (TIMES0),
the isotropic CRAMPS chemical shift factors can be calculated ana-
lytically with first-order average Hamiltonian in the static case,
since this interaction is not affected by sample rotation:

TIMES : jcs ¼ ð2sS sin hP=hP þ 2sP cos hP þ swÞ=sC ð6Þ

TIMES0 : jcs ¼ ð2 cos2 hP þ sw=sPÞ=ð2þ sw=sPÞ ð7Þ
As the pulse sequences are identical, Eqs. (6) and (7) also apply to
MSHOT and wPMLGx�x

pp, respectively. In all cases, the scaling factor
tends to 1 when the tilt-angle hP decreases to zero. Simulations per-
formed with SIMPSON software [41], and shown in Figs. S1 and S2
have confirmed these equations.

3.2. Scaling factors of the homogeneous dipolar interaction

This calculation is much more complicated than the previous
one on the chemical shift, because it should be performed on
multi-spin systems under MAS rotation. Nevertheless, we have
calculated this scaling factor in the simple case of one isolated
spin-pair of protons in a static sample using first-order average
Hamiltonian, when the sandwich pulses are ideal (hS = hP with
sS = 0):

TIMES : jD � ½ð3 cos2 hP � 1Þ þ sw=sp�=ð2þ sw=spÞ ð8Þ
Matlab calculations performed with hP = 54.736�, 30� and 90�

have confirmed this equation (Fig. S3). When the effective field is
at the magic angle, hP = 54.736�, the homo-nuclear dipolar decou-
pling is perfect (jD = 0) when the window and sandwich pulse
lengths are negligible (sW � sS � 0) (Fig. S3a). This is not the case
with finite sandwich pulse length (sS – 0) (Fig. S4a):

X. Lu et al. / Journal of Magnetic Resonance 223 (2012) 219–227



TIMES :jD

� ½ð1:5coshP sinhP=hPþ0:5ÞsSþð3cos2 hP�1Þspþsw�=sC ð9Þ
The same type of calculation, performed in static without sand-

wich pulses, gave:

TIMES0 : jD ¼ ½ð3 cos2 hP � 1Þ2=2þ sw=sp�=ð2þ sw=spÞ ð10Þ
This equation has been confirmed with Matlab calculations, as

shown in Fig. S5. It must be noted that the larger term in the con-
tribution of homonuclear dipolar couplings to the effective Hamil-
tonian is proportional to the operator T20 (Eqs. (8)–(10)), whereas
the contributions of other operators, such as T2±1, and T2±2, are
close to zero but not negligible. These additional contributions lead
to little differences between the Matlab simulations and the ana-
lytical curves, especially when sw/sp is larger than 4 (Fig. S5b). It
must be noted that Eqs. (8)–(10), also apply to MSHOT and
wPMLGx�x

pp, respectively.
However, it is important to remind that real CRAMPS experi-

ments are influenced by spinning dependent interactions and are
related to multi-spin 1H–1H couplings, and thus Eqs. (8)–(10) are
only partially relevant for the TIMES and TIMES0 experiments.

4. Optimization of TIMES and TIMES0 experiments

Our purpose is to optimize the resolution of the two CH2 reso-
nances, and therefore the first step is to be able to quantify this res-
olution. We have chosen to minimize the resolution factor:

RCRAMPS ¼ CH2a þ CH2b � 2CH2ð Þ= CH2a þ CH2bð Þ ð11Þ
where CH2a and CH2b represent the amplitudes of the two CH2 res-
onances, and CH2 corresponds to that in the middle of these two
resonances. This factor is normalized. Indeed, according to the fact
the two resonances are not at all resolved, or resolved to the base-
line, RCRAMPS is equal to 0 or 1, respectively. Most of our systematic
experiments (Figs. 2–7) have been performed on Bruker spectrom-
eters either at 9.4 T with AVANCE-II console at mR = 10, 20, and

30 kHz (£ = 2.5 mm), or at 18.8 T with AVANCE-III console at
mR = 64 kHz (£ = 1.3 mm). Those at mR = 80 kHz (£ = 1 mm) (Figs. 6
and 8), have been performed at 14.1 T on a Jeol spectrometer
equipped with JNM–ECA console. The chemical shift scaling factor,
jcs, has been determined by fixing the middle CH2 frequency to
3.55 ppm and by re-scaling the NH3 resonance to 8.33 ppm. With
MAS only, the resolution factor observed with 810� initial flip-angle
(see below) was equal to RMAS = 0, 0, 0, 0.69, 0.67 for mR = 10, 20, and
30 kHz (9.4 T), mR = 64 kHz (18.8 T), and mR = 80 kHz (14.1 T), respec-
tively. These MAS only values will be used as references to quantify
the resolution enhancement introduced by the decoupling pulse
sequences.

Independently from the CRAMPS sequence and the spinning
speed which are used, the best way to enhance the resolution of
proton spectra is by improving the rf-homogeneity. Therefore, the

Fig. 1. (a) Pulse sequence of TIMES. This sequence becomes that of MSHOT [16,17] when the tilt-angle is equal to hP = 90�. (b) That of TIMES0, obtained by skipping the
sandwich pulses (m1S, sS), which becomes that of wPMLGx�x

pp when hP = 54.736� [25,26]. The signal is sampled in the windows (⁄).

Fig. 2. TIMES0: experimental 1H spectra of glycine obtained at 18.8 T with
mR = 64 kHz and hP = 30�, versus m1P rf-field. Two high-resolution zones are
observable: m1P � 130 and 50 kHz. Around the high-rf zone (m1P � 130 kHz), the
resonance frequencies are roughly constant, in opposite to the low-rf (m1P � 50 kHz)
zone, which is thus much more sensitive to rf-inhomogeneity.
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selection of sample regions experiencing uniform rf field using
either spacers and/or rf-excitation improves the spectral resolution.
Several sophisticated composite sequences have been proposed to
enhance the rf-homogeneity [42–49]. We have compared in detail
by simulations and experiments the use of spacers, composite
pulses and of a long initial pulse in the framework of their applica-

tion to CRAMPS experiments (see Supplementary information). As a
result, we have found that using a full-rotor sample with a long
initial flip-angle (810� in our case) is the best choice for 1H high-res-
olution CRAMPS methods, due to (i) practical simplicity, (ii) S/N
ratio, and (iii) resolution enhancement. The following experiments
have thus been performed using this long excitation pulse.

Fig. 3. TIMES: experimental resolution-maps (RCRAMPS) in the low tilt-angle regime (hP < 50�), for four different spinning speeds: mR = 10 (a and e), 20 (b and f), 30 (c and g),
and 64 (d and h) kHz. (a–d) rf-Maps (RCRAMPS versus m1P and hP), (e–h) w-maps (RCRAMPS versus wP and hP). One observes that this low tilt-angle regime works better with
increasing spinning speed. At very fast spinning (mR = 64 kHz), two regimes with either high- or low-rf are observable as circled regions in (d), with m1P � 120 or 40 kHz,
respectively. To compare the resolution enhancement introduced by TIMES, it must be reminded that with MAS alone one observes RMAS = 0 (mR = 10 kHz, 9.4 T), 0
(mR = 20 kHz, 9.4 T), 0 (mR = 30 kHz, 9.4 T), and 0.69 (mR = 64 kHz, 18.8 T).
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4.1. TIMES optimization

There are a priori seven parameters to be experimentally opti-
mized with the TIMES sequence: m1P, m1S, sP, sS, /P,last, sW (Fig. 1a)
and the carrier frequency O1. Our goal is to obtain 2Dmaps showing
what the best experimental conditions are, especially versus m1P
and hP (calculated from /P,last using Eq. (2)). However, before
recording such maps, the other five parameters must be fixed.
According to our probe and electronic consol, we have always used
a sampling window of ca. sW � 4.5 ls. For each spinning speed, the
four remaining parameters (m1S, sS, sP, and O1) had thus to be opti-
mized before starting the mapping, based on the CH2 resolution.

4.1.1. Preliminary optimization of m1S, sS, sP and O1

Whatever the spinning speed, we have always started by fixing
m1P � 120–130 kHz, as all our experiments have shown that this is al-
ways the best rf-condition for the phase-ramppulse.Wehave chosen
to start the preliminary optimization with the same rf-field for the
sandwich and phase-ramp pulses (m1S = m1P) for simplicity reasons.

For each spinning speed (mR = 10, 20, 30, 64 or 80 kHz), we have
then started an optimization loop with such rf-fields, with six ini-
tial tilt-angle values: hPi = 15�, 30�, 45�, 60�, 75� and 90�. For each of
these hPi values, the program calculated the sandwich-pulse length
sS in order to obtain hS = hPi (Eq. (4)). We have then carefully opti-
mized sP in between 1 and 17 ls, with small steps of 0.1 ls, to get
the best resolution. For each sP value, the pulse program calculated
/P,last according to Eq. (2) with hP = hPi. Then, we have further opti-
mized the resolution with sS, also using small steps of 0.1 ls, and
the program always calculated the rf-field m1S in order to keep
hS = hPi (Eq. (4)). It must be noted that the optimization of sS and
sP is critical and must be performed with the purpose of obtaining
a short cycle-time that avoids all recoupling ratios for n = TR/sC.
Practically, this means avoiding integer n values for mR 6 30 kHz
and n = 1.5 for mR P 50 kHz. Finally, we optimized O1 taking care
to avoid observing on the two CH2 glycine resonances any

Rotational Radio-Frequency (RRF) narrow line situated at hmR + k/sc
from the carrier frequency, where h and k are two integers
including zero [2,18,22,25,26,30].

4.1.2. Resolution maps versus rf-field or rotation-angle
Thanks to the global preliminary optimization procedure, we

have observed that two optimum regimes exist for hPi: either smal-
ler than ca. 60� or larger than ca. 80�. In the first regime (hPi < 60�)
we observed three optimized sP values, leading (Eq. (3)) to three
rotation angles wp � 150� (Fig. 3f and h), 300� (Fig. 3e, f and h)
and 600� (Fig. 3g). In the second regime (hPi > 80�) we observed a
single ‘good’ sP value leading to a rotation angle wp � 150�
(Fig. 4c and d).

For each of the eighteen hP values ranging from 5� to 90�with 5�
step, we have recorded the twenty three spectra that can be ob-
tained for m1P ranging from 52 to 167 kHz with 5 kHz step. Such a
2D map is shown, before frequency re-scaling, for mR = 64 kHz and
hP = 30� in Fig. 2. For each map, the other parameters (m1S, sS, sP
andO1) were fixed to their previously optimized values correspond-
ing to the closest hPi � hP angle. Each of these spectra has then been
treated to obtain the corresponding 432 (18 � 24) RCRAMPS values.
Finally, we have represented the 2D maps showing the RCRAMPS res-
olution factor versus hP and either m1P (rf-map) orwP (w-map) for the
two regimes, hPi < 60� and hPi > 80�, in Figs. 3 and 4, respectively. The
wP values have been calculated with Eq. (3). In Fig. 3, the two types
of maps are represented for mR = 10, 20, 30 and 64 kHz; whereas in
Fig. 4 they are only represented at mR = 10 and 20 kHz because the
resolution was always very poor (RCRAMPS < 0.2) at faster speeds.

At very fast spinning speed, TIMES only works correctly with
small tilt-angle (hP < 60�) (Fig. 3d), whereas it is the contrary for
slow MAS where large tilt-angle (hP > 80�) must be used (Fig. 4a).
In both cases, the optimum rf-field remains moderate
m1P � 120 kHz. However, one observes that a ‘reasonable’ resolu-
tion can also be observed at ultra-fast MAS with a middle tilt-angle
(hP � 40–60�) and an rf-field as small as m1P � 40 kHz (Fig. 3d).

Fig. 4. TIMES: experimental resolution-maps (RCRAMPS) in the high tilt-angle regime (hP > 80�), for two different spinning speeds: mR = 10 (a and c), and 20 (b and d) kHz. (a and
b) rf-maps (RCRAMPS versus m1P and hP), (c and d) w-maps (RCRAMPS versus wP and hP). This high tilt-angle regime works better with slow spinning speed. To compare the
resolution enhancement introduced by TIMES, it must be reminded that with MAS alone one observes RMAS = 0 (mR = 10 kHz, 9.4 T), and 0 (mR = 20 kHz, 9.4 T).
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4.2. TIMES0 optimization

The initial optimization procedure of TIMES0 experiment was
simpler than that for TIMES, as there is no sandwich pulse and thus
two parameters less: m1S and sS (compare Fig. 1a and b). We have
represented, for mR = 10, 20, 30 and 64 kHz, the best rf- andw-maps

in Fig. 5a–h, respectively. The main difference with TIMES is that
amongst the six initial hPi angles we have only observed one opti-
mum region, which always corresponds to the ‘high-speed’ regime:
hPi < 60� (Fig. 5). For MAS frequencies lower or equal to 30 kHz, we
have observed a single ‘good’ pulse-length, sP, which always corre-
sponds to an rf-field of m1P � 130 kHz (Fig. 5a–d) and a rotation

Fig. 5. TIMES0: experimental resolution-maps (RCRAMPS) in the low tilt-angle regime (hP < 50�), for four different spinning speeds: mR = 10 (a and e), 20 (b and f), 30 (c and g),
and 64 (d and h) kHz. (a–d) rf-Maps (RCRAMPS versus m1P and hP), (e–h) w-maps (RCRAMPS versus wP and hP). One observes that this low tilt-angle regime works better with
increasing spinning speed. At very fast spinning (mR = 64 kHz), two regimes with either high- or low-rf are observable as circled regions in (d), with m1P � 130 or 50 kHz,
respectively. To compare the resolution enhancement introduced by TIMES0, it must be reminded that with MAS alone on observes RMAS = 0 (mR = 10 kHz, 9.4 T), 0
(mR = 20 kHz, 9.4 T), 0 (mR = 30 kHz, 9.4 T), and 0.69 (mR = 64 kHz, 18.8 T).

X. Lu et al. / Journal of Magnetic Resonance 223 (2012) 219–227



angle wp � 300� (Fig. 5e–h). At very fast spinning, TIMES0 only
works correctly with small tilt-angle (hP � 20–35�) (Fig. 5d). Again,
the best resolution is achieved with m1P � 130 kHz, but a good
resolution can also be observed with an rf-field as small as
m1P � 40–50 kHz.

5. Choice of the method and experimental specification

In Fig. 6 we have represented the best re-scaled CRAMPS spectra
observed at 9.4 T with mR = 10, 20, 30 kHz, at 18.8 T with

mR = 64 kHz and at 14.1 T with mR = 80 kHz. All spectra have used
a long initial pulse of hI = 810�. It must be first noted that whatever
the spinning speed, the best resolution has always been observed
with a moderate rf-field of ca. 120–130 kHz (Table 1).

At slow spinning speed, mR = 10 kHz, the best resolution is ob-
served under TIMES, with hP � 90� and jcs � 0.41. These conditions
correspond to the MSHOT quasi-static experiment [16,17]. At
mR = 20 kHz, the best resolution is observed under TIMES0, with
hP � 56� and jcs � 0.44. These conditions also correspond to the
wPMLGx�x

pp sequence [18]. At mR = 30 kHz, the best resolution is ob-
served either (i) under TIMES0, with hP � 58� and jcs � 0.55, which
also correspond to wPMLGx�x

pp, or (ii) under TIMES, with hP � 50� and
jcs � 0.61 [40]. At mR = 64 and 80 kHz, a similar resolution is ob-
served under TIMES and TIMES0 [35], with hP � 25–40� and
jcs � 0.83–0.92. When the spinning speed increases, the hP tilt-an-
gle value decreases whereas the jcs scaling factor increases. As
MAS-only spectra correspond to hP = 0 and jcs = 1, the optimum
CRAMPS conditions thus result from a compromise between the
scaling factor and the homo-nuclear spatial averaging due to mul-
tiple-pulse decoupling. It must be observed that the best TIMES
and TIMES0 conditions are always observed with an rf-field of
m1P � 120–130 kHz, and they always correspond to a rotation of
wP � 150� or 300� around the effective rf-field.

It is also very important to notice that the behavior of the
CRAMPS sequences at very fast spinning is different to that ob-
served at slow, moderate or even fast MAS. Indeed, in addition to
the usual high-rf (m1P � 120–130 kHz) regime, a second low-rf

Fig. 6. Experimental best resolved re-scaled spectra of glycine observed for the five
spinning speeds of mR = 10 (a), 20 (b and c), 30 (d and e), 64 (f and g), and 80 (h and i)
kHz. The corresponding experimental parameters are described in Table 1.

Fig. 7. Spectra of glycine observed at 18.8 T, with mR = 64 kHz. (a) MAS only, (b and
c) TIMES0 with hP � 30�, and m1P � 129 (b) or 39 (c) kHz.

Table 1
Experimental specifications of best resolved spectra shown in Fig. 6.

Spectrum mR (kHz) Sequence hP (�) m1P (kHz) sC (ls) jcs B0 (T)

(a) 10 TIMES/MSHOT 90 120 16.8 0.41 9.4
(b) 20 TIMES 59 120 17.8 0.56 9.4
(c) 20 TIMES0/wPMLGx�x

pp
56 130 17.1 0.44 9.4

(d) 30 TIMES 50 120 12.5 0.61 9.4
(e) 30 TIMES0/wPMLGx�x

pp
58 130 11.1 0.55 9.4

(f) 64 TIMES 40 120 15.1 0.92 18.8
(g) 64 TIMES0 35 130 12.5 0.92 18.8
(h) 80 TIMES 23 125 11.5 0.87 14.1
(i) 80 TIMES0 25 125 11.5 0.88 14.1

Fig. 8. Spectra of glycine observed at 14.1 T with mR = 80 kHz. (a) MAS only, (b)
TIMES0 with m1P � 125 kHz and jcs = 0.88, (c) TIMES with m1P � 125 kHz and
jcs = 0.87, (d) wPMLGx�x

pp with m1P � 125 kHz and jcs = 0.81, (e) TIMES0 with
m1P � 54 kHz and jcs = 0.88, (f) wPMLGx�x

pp with m1P � 54 kHz and jcs = 0.90.
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regime then exists for TIMES and TIMES0, which allows observing
nearly the same resolution as the high-rf regime, but with much
less rf-power. This low-rf regime has been already observed in
Figs. 2, 3d and 5d. It is shown explicitly for the TIMES0 sequence
at MAS speeds of 64 and 80 kHz, in Figs. 7c and 8e respectively. It
must be noted that this low-rf regime also exists for wPMLGx�x

pp as
shown in Fig. 8f. As the tilt-angle of the effective field hP and the
rf-field itself m1P are both small, this low-rf regime is close to the
MAS-only regime; but it nevertheless really enhances the resolu-
tion. This effect is quite similar to that observed for hetero-nuclear
dipolar decoupling [50–54]. However, it must be noted that low-rf
regimes are more sensitive to rf-inhomogeneity than high-rf re-
gimes, which is observable on the experimental spectra recorded
versus rf-field (Fig. 2). Indeed, the resonance frequencies are much
less affected by the rf-field when m1P is close to 120–130 kHz (high-
rf regime) than when it is close to 40–50 kHz (low-rf regime). This
means that in the low-rf regime, proton high-resolution spectra can
be observed only if rf-inhomogeneity is controlled, e.g. with a long
initial pulse. This low rf-regime could be used for multi-dimen-
sional NMR experiments of bio-molecules with high-resolution
proton detection [37,38]. At very fast spinning speed and low
rf-power regime, the best resolution has been observed with n =
TR/sC = 1.25 (Fig. 2), 1.25 (Fig. 7c), 1.09 (Fig. 8e), and 1.22 (Fig. 8f).

6. Conclusions

We have analyzed and compared the specifications of TIMES
and TIMES0 proton high-resolution NMR methods in solid-state.
This comparison has been performed in terms of resolution versus
spinning speed, rf-field requirement, and tilt-angle for the effective
rf-field, hP. The chemical-shift and homo-nuclear dipolar scaling
factors have been calculated for both methods. Whatever the
spinning speed, the best resolution has always been observed with
rf-fields of ca. 120–130 kHz. At slow MAS (mR 6 10 kHz), the best
resolution was observed with a tilt-angle of hP � 90�. At moderate
spinning speed (15 6 mR 6 35 kHz), hP � 55� gave the best resolu-
tion. At higher MAS speed (mR P 60 kHz) the best resolution was
obtained with hP 6 40�, and we then recommend TIMES0, owing
to its simpler set-up as two less parameters have then to be opti-
mized with respect to TIMES. We have also shown that in addition
to the usual high rf-field regime (�120–130 kHz), another low
rf-regime (�40–50 kHz) exists at ultra-fast MAS, which also gives
a very good resolution. This low rf-regime should be useful for
multi-dimensional analyses of bio-molecules with 1H detection
under high-resolution, in order to limit the heating of the sample.
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Practical tools to enhance the 1H resolution in CRAMPS experiments 

Independently from the CRAMPS sequence and the spinning speed which are used, the best way to 
enhance the resolution of proton spectra is by improving the rf-homogeneity. This leads to using a 
limited part of the sample, which can be selected with spacers and/or by rf-excitation.  

I. Spacers 

In the early days of slow MAS CRAMPS, proton spectra were recorded using a restricted sample with 
spherical shape for best resolution.1-5 However, it is important to notice that it is presently difficult to 

pack spherical samples with spacers when using very small rotor diameters (   1.3 mm) for ultra-
fast MAS rotation. In Fig.S6a we show two glycine TIMES spectra recorded at 9.4 T using a 2.5 mm 

diameter rotor with R = 10 kHz. One spectrum has been obtained with a full rotor, which means a 
sample length of 8 mm; whereas the second spectrum has been recorded with two cylindrical 
spacers of 3 mm length each, thus only leaving 2 mm of cylindrical sample in the middle of the rotor. 
Two facts can be deduced from this figure. First, the ratio for the amplitudes is only of ca. two, 
instead of four as the ratio of the sample volumes. This means that approximately half of the rotor 
length is not active in CRAMPS experiments due to rf-inhomogeneity, and that these types of 
sequences select by themselves a part of the sample which presents a good rf-homogeneity. Second, 
one observes in Fig.S6b showing the re-normalized spectra, that cylindrical spacers only slightly 
enhance the resolution of the CH2 peaks.  

Fig.S6. (a) Experimental 1H TIMES spectra of glycine obtained at 9.4 T, with R = 10 kHz, with (red) 
and without (blue) cylindrical spacers. (b) Same spectra renormalized vertically to show the small 
resolution enhancement on the two CH2 resonances.  

This weak resolution enhancement is due (i) to the fact the zone where the rf-field is approximately 
constant is rarely situated exactly at the center of the rotor, (ii) that even in the optimum 
homogeneous zone with respect to the rotor axis, the rf-field is also submitted to a gradient 
perpendicularly to this axis, and (iii) that the cylindrical shape of the restricted sample leads to 
differences of magnetic susceptibility. So, even with a restricted cylindrical sample, spins are always 
submitted to a B1 inhomogeneity. 



II. Long initial pulse

Another way to enhance the resolution is to use an initial pulse with a long I flip-angle (Fig.1), 

instead of the usual short pulse with I = 90°. By doing so, the rf-field itself selects the ‘good’ region 
of the sample where it can be considered as approximately constant, by virtue of the dephasings of 
spins during the nutation. The rf-selection is then performed not only along but also perpendicularly 
to the rotor axis, and there is no difference of magnetic susceptibility. This is demonstrated in 
Fig.S7a, where one observes simultaneously a decrease of the amplitude and a resolution 

enhancement when increasing I from 90° to 1170°. In Fig.S7b, we have represented the same 
spectra renormalized to the same intensity for the CH2 resonances. Two facts are observable in this 

figure. First, the ‘renormalized’ amplitude of NH3 resonance increases with I value, which means 
that this resonance is much less affected by rf-inhomogeneity that CH2 resonances for which 1H-1H 

interactions are very strong. Second, the CH2 resolution seems to only slightly improve when I  

810°, but the signal amplitude continues to decrease with the initial pulse length. This means that I = 
810° seems to be a good compromise, at least on our spectrometer, between resolution and S/N 
ratio.  

Fig.S7. (a) Experimental 1H TIMES spectra of glycine obtained at 9.4 T, with R = 10 kHz, versus the 
initial flip-angle I. (b) Same spectra renormalized vertically onto the CH2 resonances, to show the 
resolution enhancement on these two resonances, and the relative increase of the NH3 resonance 
with respect to CH2. The arrows show the carrier frequency.  

One question may arise: is this resolution enhancement related to a better B1 homogeneity, or is it 
related to the rf-selection of certain crystallite orientations in the powder sample that lead to weak 
1H-1H dipolar interactions. In the second case, these selected crystallites should mainly contain inter-
nuclear 1H-1H vectors close to the rotor axis, thus corresponding to dipolar interactions weaker than 

with I = 90° initial pulse that selects all orientations. To answer this question, we have recorded 

several one-pulse spectra versus I for three different rf-fields:  1I = 50, 100 and 200 kHz at R = 30 
(Fig.S8a) and 64 (Fig.S8b) kHz, with B0 = 9.4 and 18.8 T, respectively. The amplitude of the spectra 

decreases with increasing I values, but the line-shapes remain completely independent of the I 
value (Fig.S8c). We can therefore conclude that using a long initial pulse only changes the rf-
homogeneity, not the involved dipolar interactions. This is the same conclusion as that recently 
drawn in the framework of combining such a long initial pulse with the DEPTH sequence to improve 
the suppression of probe background signals.6  



Fig.S8. Experimental one-pulse 1H spectra of glycine obtained at (a) 9.4 T with R = 30 kHz, and (b) 
18.8 T with R = 64 kHz, for four initial flip-angle I (90°, 450°, 810°, 1170°) and three rf-field 
amplitudes (50, 100, 200 kHz). (c) Same spectra as in (b) renormalized vertically onto the CH2 
resonances, to show that the line-shapes are fully identical 

One may wonder if we can still improve the resolution by combining spacers with a long initial pulse. 

To answer this question, we have recorded several TIMES spectra with different I values either with 
a full rotor (Fig.S9a) or with two cylindrical 3 mm long spacers (Fig.S9b). One observes that the best 

resolution is experienced for the full rotor sample with I  810° (Fig.S9a), which confirms that 
cylindrical spacers do not select the best slice within the rotor. With the restricted sample one also 

observes a small decrease of amplitudes with increasing I values (Fig.S9b), which evidences the rf-
inhomogeneity perpendicularly to the rotor axis.  

Fig.S9. Experimental 1H TIMES spectra of glycine obtained at 9.4 T with R = 10 kHz, for four initial 
flip-angle I (90°, 450°, 810°, 1170°) without (a) and with (b) spacers. On our sample, rotor and 
spectrometer, the best compromise between resolution and S/N ratio is observed without spacer (a) 
and with I = 810°. The arrows show the carrier frequency.  

III. Composite initial pulse

III.1 With ‘one-pulse’ type of experiments 

Several more sophisticated composite sequences have been proposed to enhance the rf-
homogeneity in ‘one-pulse’ type of experiments.7-13 They can be classified in two categories 
depending on the position of the 90° pulse transferring the magnetization to the xy plane: the DEPTH 



sequence which uses two -pulses after the initial 90° pulse (90, 180, 180),7 and the other sequences 
which start with a composite pulse which inverts the magnetization from +z to –z, and then rotate 
this magnetization to the xy plane with a 90° pulse (Inv, 90).8-13 In the second case, the B1-selected 
signal is obtained by difference with the signal recorded without the inverting composite pulse. In 
Fig.S10, we have represented the modulus of the signal that can be obtained when the pulse-lengths 

are calculated with a nominal rf-field of 80 kHz, versus the actual rf-field ( 1 = 0  160 kHz) and the 

offset (-10  10 kHz). We have selected seven composite sequences proposed in this purpose, and 
one observes that all of them are more B1 selective in ‘one pulse’ type of experiment than the simple 
90° pulse.  

Fig.S10. Simulations showing the modulus of the signal that can be observed in ‘one-pulse’ 
experiments versus the actual rf-field (0-160 kHz) and offset (  10 kHz), with a single pulse (a) and 
seven composite sequences using the same X = 90° pulse to transfer the magnetization in the xy 
plan: (b) DEPTH,7 (c) pre-pulse,8 (d) Wimperis,9 (e) Tycko-84,10 (f) Tycko-86,11 (g) Shaka-85a,12 (h) 
Shaka-85b.13 The pulse-lengths are calculated with a nominal rf-field of 80 kHz. 

III.2 With CRAMPS experiments 

We have then replaced the initial 90° pulse in Fig.1 by these composite sequences to start recording 
a high-resolution CRAMPS spectrum of glycine. The spectra, re-normalized on the CH2 resonances, 
are shown in Fig.S11. They all show similar CH2 resolution, but that obtained with the sequence 
proposed10 by R. Tycko and A. Pines is slightly better (Fig.S11e) than the other ones.  



Fig.S11. Experimental TIMES spectra of glycine re-normalized on the CH2 resonances, with B0 = 9.4 T 
and R = 30 kHz. The initial 90° pulse used in (a), has been replaced by a composite sequence using 
also a 90° pulse to rotate the magnetization to the xy plane: (b) DEPTH,7 (c) pre-pulse,8 (d) Wimperis,9 
(e) Tycko-84,10 (f) Tycko-86,11 (g) Shaka-85a,12 (h) Shaka-85b.13  

However, it is important to note that all these spectra are less resolved than those shown in Fig.S7 

for I > 90°. One may thus wonder if we can still improve the resolution by replacing in the composite 
sequences the X = 90° pulse transferring the magnetization to the xy plane with a longer X pulse. In 
‘one-pulse’ experiments, the selectivity of the composite pulse with respect to B1 is then greatly 
increased with increasing X value (Fig.S12). 



Fig.S12. Simulations showing the modulus of the signal that can be observed in ‘one-pulse’ 

experiments versus the actual rf-field (0-160 kHz) and offset (  10 kHz), with a single pulse (a) and 
seven composite sequences using the same X pulse to transfer the magnetization in the xy plan: (b) 
DEPTH,7 (c) pre-pulse,8 (d) Wimperis,9 (e) Tycko-84,10 (f) Tycko-86,11 (g) Shaka-85a,12 (h) Shaka-85b.13 
X = 90°, 450°, 810°, or 1170°, for the 1st, 2nd, 3rd, or 4th column, respectively. The pulse-lengths are 
calculated with a nominal rf-field of 80 kHz.  

Fig.S13. Simulations showing the modulus of the signal that can be observed in ‘one-pulse’ 
experiments versus the actual rf-field (0-160 kHz) and offset (  10 kHz), with a single pulse (a) and 
seven composite sequences using the same X = 810° pulse to transfer the magnetization in the xy 
plan: (b) DEPTH,7 (c) pre-pulse,8 (d) Wimperis,9 (e) Tycko-84,10 (f) Tycko-86,11 (g) Shaka-85a,12 (h) 
Shaka-85b.13 The pulse-lengths are calculated with a nominal rf-field of 80 kHz.  



The results for a X = 810° long pulse are shown in Fig.S13, to be compared with those shown in 
Fig.S10. However, the experimental results recorded with a 1H high-resolution CRAMPS sequence 
using a composite initial pulse with a long pulse (X = 450°, 810°, 1170°) (not shown) never provided a 
better resolution than those observed with a simple long initial pulse (Fig.S7). This comes from the 
fact that three B1-filters are then simultaneously acting: the long X pulse, the composite sequence, 
and the high-resolution CRAMPS method. As a result, the composite sequence does not introduce 
any additional resolution enhancement because the long X pulse and the high-resolution method 
have already selected the sample volume with best B1 homogeneity. Very recently, a new DEPTH 
sequence has been proposed for improved background suppression in ‘one-pulse’ type of 
experiments.14 However, when used with CRAMPS methods, its resolution was not as good as with a 
simple long initial pulse. 
As a conclusion, using a full-rotor sample with a long initial flip-angle seems to be the best choice for 
1H high-resolution CRAMPS methods, due to (i) practical simplicity, (ii) S/N ratio, and (iii) resolution 
enhancement. The following experiments have thus been performed with this choice, with 810°. 
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a b s t r a c t

We present a novel cross-polarization MAS NMR pulse sequence to probe proximities between half-inte-
ger quadrupolar isotopes. This sequence employs a multi-pulse cross-polarization (MP-CP) transfer,
instead of the previous continuous-wave CP (CW-CP) transfer. With respect to CW-CP transfers, our
sequence is more robust with respect to offsets and Rotary Resonance Recoupling detrimental effects,
especially when taking into account rf-inhomogeneity. Moreover, by using a frequency splitter and a sin-
gle channel MAS probe, this MP-CP sequence may allow analyzing the through-space connectivities
between two isotopes with half-integer spin values and close Larmor frequencies.

� 2012 Published by Elsevier Inc.

1. Introduction

Solid-state Nuclear Magnetic Resonance (NMR) is a powerful
spectroscopy, which allows probing the short-range order in crys-
talline, disordered or amorphous solid samples. This short-range
order can be determined by the analysis of through-space or
through-bond NMR correlation spectra, using coherence transfers
via dipolar or J-scalar couplings, respectively. Herein, we consider
the observation of correlations between different half-integer spin
quadrupolar isotopes. Transfers of coherences between quadrupo-
lar isotopes are not efficient owing to: (i) the short relaxation times
of these coherences, (ii) the weak J-couplings of these nuclei, and
(iii) the difficult dipolar recoupling under Magic-Angle Spinning
(MAS) condition owing to the intricate spin dynamics of quadrupo-
lar nuclei in the presence of sample rotation and radio-frequency
(rf) field.

One-bond connectivities between quadrupolar nuclei have been
probed using two-dimensional (2D) J-mediated Heteronuclear
Multiple Quantum Correlation (J-HMQC) spectroscopy in between
27Al and 17O in 17O-enriched crystalline grossite (CaAl2O4) [1], and
27Al and 43Ca in 43Ca-enriched Ca-aluminate or Ca-alumino-silicate
glasses [2]. To the best of our knowledge, the observation of
heteronuclear correlation (HETCOR) spectra via two-bonds sca-
lar-coupling has been precluded by the small magnitude of these
2J-couplings compared to the transverse relaxation rate, 1=T 0

2, in
spin-echo experiments.

Heteronuclear through-space proximities between quadrupolar
nuclei (27Al–17O, 11B–23Na, 11B–27Al, 27Al–7Li) have been probed
using continuous-wave cross-polarization (CW-CP), first in static
samples [3,4], and more recently under MAS [5–9]. In particular,
proximities between the different 11B and 27Al sites in magnesium
alumino-borate glasses have been probed using 2D 11B–{27Al}
dipolar-mediated heteronuclear correlation (D-HETCOR) with
CW-CP coherence transfer [6,7]. High-resolution along the indirect
27Al spectral dimension has even been achieved by combining in
D-HETCOR experiment a CW-CP transfer with a multiple-quantum
(MQ) quadrupolar filter [8]. However, the efficiency and the
robustness of CW-CP transfers are limited owing to the complex
spin dynamics during spin-locking, which depends on several
parameters, including: (i) the amplitude of the electric field gradi-
ent (efg), and (ii) the orientation of its principal axis systems (PASQ)
with respect to a rotor-fixed frame, (iii) the MAS frequency, mR, and
(iv) the rf-field amplitude, m1. First, depending on the orientation of
the PASQ with respect to the rotor-fixed frame, the instantaneous
quadrupolar splitting changes of sign (‘zero crossing’) twice or four
times per rotor period. Second, in CW-CP experiments, the spin-
locking of the central transition (CT) of a half-integer quadrupolar
nucleus requires the use of weak CT-selective rf-field, at the ex-
pense of a high sensitivity to offsets on this channel [10,11]. Third,
the Rotary Resonance Recoupling (R3) conditions [10–13] should
be avoided since they have a detrimental effect on the spin-locking
efficiency. In the case of CW-CP transfer between two half-integer
spin quadrupolar isotopes, twice more energy-level zero-crossings
occur every rotor period, and the sensitivity to offsets extends to
both channels. As a conclusion, the lack of robustness of CW-CP
involving two quadrupolar isotopes has limited its applications.
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We have shown that the robustness of CP transfers between spin-
1/2 and half-integer quadrupolar nuclei can be improved by
replacing the CW irradiation on the quadrupolar channel by a burst
of rotor-synchronized rf-pulses [14]. The advantage of this multi-
pulse CP (MP-CP) has also been rediscovered in the case of
2H–13C CP transfers using optimal control method [15].

In this article, we propose the use ofMP-CP transfers to probe un-
der MAS the proximities between half-integer quadrupolar nuclei.
The D-HETCOR sequence with MP-CP is more robust with respect
to offsets than with CW-CP, because the spin-locking of the two
quadrupolar magnetizations is performedwithMP-CP using shorter
rf-pulses with larger rf-field, instead of a long low-power rf-pulse
used with CW-CP. Moreover, the R3 conditions are much more
separated in MP-CP than in CW-CP, also leading to an increased
robustness of MP-CP transfer with respect to rf-field homogeneity.

2. MP-CP MAS D-HETCOR sequence and extended Hartmann–
Hahn conditions

The 2D MP-CP MAS D-HETCOR sequence dedicated to half-inte-
ger quadrupolar nuclei is shown in Fig. 1. In the following, the indi-
rectly detected isotope is denoted I, whereas S is the observed
isotope. It is based on the conventional CP scheme, in which the
two continuous-wave spin-lock irradiations in CW-CP are replaced
by two trains of rotor-synchronized rf-pulses in MP-CP [14]. The
rotor-synchronization means that the centers of two consecutive
rf-pulses applied to a given isotope are separated by an integer
number of rotor period, TR. In the present work, we only employ
rf-pulses separated by one rotor period. The phases of rf-pulses
on each channel are constant in MP-CP, and they are shifted by
90� relative to the initial 90� CT-selective excitation pulse on the
I channel. The sequence only uses weak rf-amplitudes in order to
selectively manipulate the CTs of both isotopes, which thus behave
under this condition as two fictitious spin-1/2 nuclei. Indeed, a low
rf-field in the order of a few kHz does not affect satellite transitions
and thus avoids uncontrollable transfers to satellite coherences.
The signal observed in the S channel is the sum of that excited
by the pulse train on this channel and that arising from the CP
transfer. In order to disentangle these two contributions, we used
a ‘spin temperature inversion’ phase cycling [16]. In this two-step

phase cycling, the phases of the receiver and the initial excitation
90� pulse on I channel are cycled over 0� and 180�, whereas the
phases of rf-pulse trains on I and S channels are unchanged.

In Fig. 1a, all rf-pulses are interleaved to avoid any simulta-
neous irradiation on the two channels. This is mandatory when
using an over-coupled resonator that provides two tuning and
matching conditions in a single channel in order to cross-polarize
two nuclei with close Larmor frequencies [17]. On the contrary,
the sequence shown in Fig. 1b uses two synchronous pulse trains,
and hence can only be utilized, with selective filters, when both
Larmor frequencies are very different. During the two CT-selective
pulse trains, the dephasings related to first-order anisotropic inter-
actions are averaged out by MAS over full rotor periods, while
rotor-synchronized pulses act in average as spin-lock irradiations.
Indeed, in both channels the successive rf-pulses rotate the CT
magnetizations about the rf-fields. The projections of the magneti-
zations along these two rf-fields are therefore constant, which
lead to their spin-locking. Of course, this is true only: (i) if non-
refocusable transverse relaxation times (instead of longitudinal
relaxation times in the rotating frame, T1q, in CW-CP) are long
enough to avoid signal decay during the spin-lock period, sCP = qTR,
where q is the number of rf-pulses in the MP-CP pulse trains, (ii) if
R3 conditions are avoided, and (iii) if dephasings produced by off-
sets are not too large. Globally, the continuous spin-locking of both
magnetizations in CW-CP is thus replaced in MP-CP by a spin-
locking ‘in average’ obtained by rotating each CT magnetization
about its applied effective rf-field.

The lengths of MP-CP pulses on I and S channels, sI and sS,
respectively, can be definedwith respect to those of the CT-selective
p-pulses using the same rf-field, spCT,I and spCT,S, respectively:

sI ¼ KIspCT;I and sS ¼ KSspCT;S ð1Þ
with

spCT;I ½ls� ¼ 500=fðI þ 1=2Þm1;Ig and
spCT;S ½ls� ¼ 500=fðSþ 1=2Þm1;Sg ð2Þ
where m1,I and m1,S are the actual nutation rf-fields given in kHz,
measured in the absence of quadrupole interaction, e.g. in a liquid
sample. As example, for a spin-5/2 nucleus, if the rf-pulse specifica-
tions are: sI = 8.33 ls and m1,I = 10 kHz (spCT,I = 16.67 ls), then
KI = 0.5.

The original CW-CP Hartmann–Hahn (H–H) matching condition
for spin-1/2 nuclei in static solids [18], has been first extended to
samples under MAS rotation [19], and then to half-integer quadru-
polar nuclei submitted to weak CT-selective pulses [20]:

ðSþ 1=2Þm1;S ¼ eðI þ 1=2Þm1;I þ JmR ð3Þ
where e = +1 for the zero-quantum (ZQ: ‘flip–flop’) or e = �1 for the
double-quantum (DQ: ‘flop–flop’) terms of heteronuclear dipolar
interaction [21,22]. These terms lead to CP transfers of opposite
signs. The last term, with J = 0, ±1, ±2, ±3, . . . , is related to the sam-
ple rotation, and at ultra-fast MAS, transfers related to J = ±1 or ±2
are the most efficient. Eq. (3) has been adapted to MP-CPMAS trans-
fers including one spin-1/2 and one half-integer quadrupolar nuclei
[14]. To do so, the continuous rf-field in CW-CP has been replaced in
MP-CP by the effective rf-field which takes into account the rf pulse
lengths described in Eq. (1) [14]. It can easily be extended to include
two half-integer quadrupolar nuclei submitted to weak CT-selective
pulses:

KS ¼ eKI þ 2J ð4Þ
Apartial signal cancelation occurswhen there is one CT-selective

p-pulse sent in each channel every rotor period (Eq. (1): KI =
KS = 1) because simultaneous transfers via zero-quantum (e = +1,
J = 0) and double-quantum (e = �1, J = 1) coherences occur and the

Fig. 1. Pulse sequences for D-HETCOR experiments using a MP-CP MAS transfer
between two half-integer quadrupolar nuclei. After the initial CT-selective 90�
pulse, two rotor synchronized pulse trains are applied on the two channels during
sCP = qTR. The two pulse trains can be either interleaved (a) or synchronous (b). K is
the ratio between the actual pulse length and that of a CT-selective p-pulse with
same rf-field. When the sum of the two pulse lengths is smaller than one rotor
period, there is a spacing between them in (a).
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S magnetizations produced by these two transfers have opposite
signs. This cancelation mainly occurs at slow to moderate spinning
speeds, condition underwhich the efficiency ofMP-CP transfers cor-
responding to J = 0 are not negligible.

We also define the duty-cycles, pI and pS, which are equal to the
ratio between the pulse-lengths and the rotor-period:

pI ¼ sI=TR ¼ KImR=½ð2I þ 1Þm1;I� and
pS ¼ sS=TR ¼ KSmR=½ð2Sþ 1Þm1;S� ð5Þ

The rf-amplitudes must always be chosen in order to avoid any
R3 recoupling [10–13]. In case of a continuous constant weak irra-
diation, this R3 effect occurs when the nutation frequency corre-
sponding to CT-selective excitation is equal to nmR, with n = 0.5,
1, 2, 3. . . The homonuclear dipolar interactions are reintroduced
under the n = 0.5 and 1 R3 conditions; the chemical shift anisotro-
pies (CSA) and heteronuclear dipolar interactions are reintroduced
under n = 1 and 2; and the quadrupole interactions, including the
second-order terms, are reintroduced under n = 1, 2, 3, 4, 5, 6,. . .
In the case of multi-pulse rotor-synchronized CT-selective irradia-
tion, the R3 conditions can be extended by taking into account the
rf duty-cycles (Eq. (5)):

m1;I ¼ nmR=½pIðI þ 1=2Þ� and
m1;S ¼ nmR=½pSðSþ 1=2Þ� with n ¼ 0:5;1;2;3;4;5 . . . ð6Þ

3. Simulations

3.1. Simulation parameters

The simulations were performed using SIMPSON software [23].
The powder averaging was accomplished using 2184 orientations:
168 {aPR,bPR}-pairs 	 13cPR-angles. The 168 {aPR,bPR}-pairs, which
relate the PASQ and rotor frames, were selected according to the
REPULSION algorithm [24]. Simulations presented in Figs. 2–6, 8a,
S1, and S2 were performed at B0 = 9.4 T with either mR = 10 kHz
for Figs. 2–4, 6, 8a, and S1 or mR = 20 kHz for Figs. 5 and S2. The in-
ter-nuclear vector was aligned with the two uniaxial (gQ,I = gQ,S = 0)
PASQ tensors, the CSAs were zero, and the dipolar coupling constant
was |bIS|/(2p) = 400 Hz, a classical value for an Al–O covalent bond.
The spin-lock efficiency was calculated for an isolated 17O nucleus
with a quadrupolar coupling constant, CQ,O = 5 MHz (Fig. 6a),
whereas the MP-CP transfers were simulated for the following spin
pairs: 23Na? 11B (Figs. 2a, 3, 4, and S1 with CQ,Na = CQ,B = 2 MHz;
except Fig. 4 where different CQ,B values were used), 27Al? 17O

(Figs. 2b and 8a with CQ,Al = CQ,O = 5 MHz), and 27Al? 11B (Figs. 5
and S2 with CQ,Al = 7 MHz, CQ,B = 2.6 MHz). The carrier frequencies
were set ‘on-resonance’ (except in Fig. 5c and d), including the
quadrupolar-induced shifts, which affect the centers of gravity of
the MAS powder pattern. The efficiency has always been defined
with respect to a standard acquisitionwith a CT-selective 90� pulse.
All simulations shown in the article have been performed with
interleaved pulse trains (Fig. 1a). However, those obtained with
simultaneous pulse trains (Fig. 1b) are very similar (not shown).

3.2. MP-CP Hartmann–Hahn matching conditions

In Fig. 2, we have represented the efficiency of the CP transfer
that can be obtained for a pair of spin-3/2 (Fig. 2a) or spin-5/2
(Fig. 2b) nuclei, with mR = m1,I = m1,S = 10 kHz, versus the KI and KS

parameters of Eq. (1). The rotor period and the CT-selective p-pulse
lengths are: TR = 100 ls and spCT = 25 or 16.7 ls for spin-3/2 or 5/2,
respectively. Therefore, the KI and KS parameters can extend up to 4

Fig. 2. Simulated efficiency of the I? S MP-CP MAS transfer, calculated versus KI and KS parameters, with B0 = 9.4 T, mR = m1,I = m1,S = 10 kHz, sCP = 5 ms, |bIS|/(2p) = 400 Hz. (a)
23Na? 11B with CQ,Na = CQ,B = 2 MHz. (b) 27Al? 17O with CQ,Al = CQ,O = 5 MHz. Straight lines correspond to H–H matching conditions KB = eKNa + 2J (Eq. (4)) with: (1) e = �1,
J = 1; (2) e = �1, J = 2; (3) e = �1, J = 3; (4) e = 1, J = 1; (5) e = 1, J = 0; (6) e = 1, J = �1.

Fig. 3. Simulated efficiency of the 23Na? 11B MP-CP MAS transfer, calculated
versus KNa and m1,B values, with sNa = sB = KNaspCT,Na (Eq. (1)), B0 = 9.4 T, mR =
m1,Na = 10 kHz, sCP = 5 ms, CQ,Na = CQ,B = 2 MHz, and |bNa–B|/(2p) = 400 Hz. Straight
vertical line (KNa = KB) and curves (KNa + KB = 2 or 4) correspond to H–H matching
conditions described in Eq. (4). At slow to moderate MAS speed, the circled vertical
zone (KNa � KB � 0.6–0.8) is a good compromise between efficiency and offset
robustness on both channels. At ultra-fast MAS it is the curve KNa + KB = 2.
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(3/2) or 6 (5/2), values corresponding to a continuous irradiation
with a CW-CP transfer. However, in Fig. 2b, we only show KI and
KS values in the 0–2 range, because the efficiencies are much
smaller out of this range. Extended H–H multi-pulse matching
conditions corresponding to Eq. (4) are represented in Fig. 2 as
straight lines and they correspond to the zones of good efficiencies.
The spinning speed is moderate, so transfers corresponding to all J
values may a priori exist (Eqs. (3) and (4)).

In Fig. 3, we have represented the efficiency that can be
observed for a 23Na? 11B transfer on a spin-pair, performed at
mR = 10 kHz with two equal pulse lengths, sNa = sB, versus KNa and
the rf-field on the boron nucleus (m1,B = 0–32 kHz), the rf-field of
pulses on 23Na channel being fixed to m1,Na = 10 kHz. In Fig. S1 of

the Supplementary information, a similar simulation is shown for
a larger m1,B range, extending from 0 to 100 kHz. Fig. S1 shows that
the CP-transfer is only efficient for rf-fields lower than ca. 20 kHz,
which correspond to CT-selective pulses, as we assumed in the
derivation of Eqs. (1)–(6). The two pulses lengths, sNa = sB =
KNaspCT,Na = 25KNa (ls) (Eqs. (1) and (2)), increase from 12.5
(KNa = 0.5) to 47.5 ls (KNa = 1.9) from bottom to top of the figure.
From Eqs. (1) and (2), we obtained KB = 0.1KNam1,B (kHz). The
insertion of the above relation in Eq. (4) leads to extended
Hartmann–Hahn conditions adapted to this particular case:

m1;B ½kHz� ¼ 10eþ 20J=KNa with J ¼ 0; �1; �2;�3; . . . ð7Þ
In Fig. 3, the three most efficient transfers correspond to

(I = 23Na and S = 11B):

Vertical line ðe ¼ þ1; J ¼ 0Þ :
m1;B ðkHzÞ ¼ m1;Na ¼ 10; equivalent to KI ¼ KS ð8aÞ

Left curve ðe ¼ �1; J ¼ 1Þ :
m1;B ðkHzÞ ¼ �10þ 20=KNa; equivalent to KI þ KS ¼ 2 ð8bÞ

Right curve ðe ¼ �1; J ¼ 2Þ :
m1;B ðkHzÞ ¼ �10þ 40=KNa; equivalent to KI þ KS ¼ 4 ð8cÞ

Globally, taking into account the transfer efficiency and the
robustness to offsets on both nuclei, which is proportional to the
rf-fields, similar rf-amplitudes on both channels seem to be a good
compromise: m1,I � m1,S with KI � KS � 0.6–0.8 (surrounded zone
along the vertical line in Fig. 3). From Eq. (5), the condition KI � KS

is equivalent to:

ð2I þ 1Þm1;IpI � ð2Sþ 1Þm1;SpS ð9Þ

Fig. 4. Simulated efficiency of the 23Na? 11B MP-CP MAS transfer, calculated
versus the contact time sCP = qTR, for five different quadrupolar constants: CQ,B = 0.5,
1, 2, 3, 4 MHz, with CQ,Na = 2 MHz, B0 = 9.4 T, mR = m1Na = m1B = 10 kHz, sNa =
sB = 17.5 ls (pNa = pB = 0.175, KNa = KB = 0.7), |bNa–B|/(2p) = 400 Hz.

Fig. 5. Simulated efficiency modulus of the 27Al? 11B MP-CP (a–c) and CW-CP (d) MAS transfer, calculated versus 27Al and 11B offsets, with B0 = 9.4 T, mR = 20 kHz,
sCP = 10 ms, CQ,Al = 7 MHz, CQ,B = 2.6 MHz, and |bAl–B|/(2p) = 400 Hz. (a) pAl = pB = 0.1 (KAl � KB � 0.5), m1,Al = 16 kHz, m1,B = 24 kHz; (b) pAl = pB = 0.2 (KAl � KB � 0.6),
m1,Al = 10 kHz, m1,B = 15 kHz; (c) pAl = pB = 0.4 (KAl � KB � 0.7), m1,Al = 6 kHz, m1,B = 9 kHz; (d) pAl = pB = 1, m1,Al = 2.5 kHz, m1,B = 5.5 kHz.
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However, this condition is mainly efficient with slow to moder-
ate spinning speed, as it is related to J = 0 (Eqs. (3) and (4)). At high
MAS frequencies, the J = ±1 and ±2 excitations are the two most
efficient, and then the condition KI + KS = 2 should be the best com-
promise (Fig. 3).

3.3. Influence of quadrupolar interaction magnitude on MP-CP transfer

In Fig. 4, we have represented the efficiency build-up curve of
23Na? 11B MP-CP transfer for five different CQ,B values. The spin
system is a 23Na–11B spin pair with CQ,Na = 2 MHz. The rf-fields dur-
ing MP-CP are m1,Na = m1,B = mR = 10 kHz and the 23Na and 11B MP-CP
pulses last sNa = sB = 17.5 ls (pNa = pB = 0.175), which leads to
KNa = KB = 0.7, the J = 0 condition in Eqs. (3) and (4). The highest
MP-CP transfer efficiency is obtained for CQ,B = 3 MHz. This opti-
mum value results from a compromise between the amplitudes
of rf-fields and quadrupole interactions. On one hand, rf-fields
must be low enough with respect to the quadrupole frequencies
so that the MP-CP pulses are CT-selective hence allowing the selec-
tive manipulation of the magnetizations corresponding to the CT
transitions. On the other hand, rf-fields must be high enough to
cover the entire breadth of the CT pattern, which is solely influ-
enced by second-order anisotropic quadrupolar broadening. In
Fig. 4, for weak quadrupole interactions (e.g. CQ,B = 0.5 MHz), the
rf-field m1,B is too high for the fictitious spin-1/2 approximation
to be valid and the 11B pulses are not CT-selective. Conversely,
for large quadrupole interactions (e.g. CQ,B = 4 MHz), the second-
order CT frequency spread is too large at 9.4 T to be fully covered
by m1,B = 10 kHz. This phenomenon also occurs in the case of CW-
CP transfers. For spin-3/2 nuclei, moderate CQ values in the order
of 1.5–3 MHz lead to the best efficiency at this field of 9.4 T.
Fig. 4 also shows that the optimum contact time soptCP is little depen-
dent on the CQ value.

3.4. Robustness to offset

Fig. 5 shows the variation of 27Al? 11B MP-CP efficiency as
function of 27Al and 11B resonance offsets for different duty cycles
on 27Al and 11B channels. As seen in Fig. 5d, CW-CP experiment,
which corresponds to pAl = pB = 1, exhibits significant efficiency
only when the 27Al and 11B carrier frequencies, mAl0 and mB0, do not
differ from the 27Al and 11B quadrupolar induced shifts,
mAlQIS and mBQIS, by more than a few kHz. For MP-CP (pAl and pB < 1),
other regions of high transfer efficiency are observed (see
Fig. 5a–c). Each pulse train of the MP-CP sequence corresponds

to Delays Alternating with Nutations for Tailored Excitations
(DANTE) scheme [25]. Introduced in solution-state NMR for selec-
tive excitation, DANTE turns out to be useful for broadband excita-
tion in solid-state NMR for samples undergoing MAS [26–28]. Each
DANTE pulse train of MP-CP can be described as an infinite ‘comb’
of rectangular pulses with a period, TR, multiplied by a boxcar
function of length, qTR. The Fourier transform of such pulse train
is hence a comb of rf-spikelets separated by mR [27], leading to
regions of high efficiencies for MP-CP transfer when
mAl0 ¼ mAlQIS þ jAl � mR and mB0 ¼ mBQIS þ jB � mR, where jAl and jB are inte-
gers. These predictions are consistent with the simulated MP-CP
efficiency for short 27Al and 11B pulses (see Fig. 5a corresponding
to pAl = pB = 0.1). For longer 27Al and 11B pulses, the regions of high
transfer efficiency deviate from those predicted using Fourier
transform (see Fig. 5c, corresponding to pAl = pB = 0.4). This is con-
sistent with a nonlinear response, obtained when each MP-CP
pulse tilts the CT magnetization by large angles [29]. Therefore,
in MP-CP experiments, the 27Al and 11B offset regions exhibiting
high transfer efficiency can be adjusted to resonance frequencies
of different sites by changing the MAS frequency and the MP-CP
pulse lengths. This possible adjustment of MP-CP rf-pulses to the
sample offsets is more visible in Fig. S2. Therefore, MP-CP transfers
can circumvent the offset sensitivity of CW-CP involving two half-
integer quadrupolar isotopes.

3.5. Avoiding R3 conditions

In Fig. 6a, we show the magnetization that is observed, versus
the multi-pulse spin-locking rf-field amplitude, after a spin-lock
time of s = 2 ms on an isolated spin-5/2 nucleus, 17O, with a quad-
rupolar coupling constant of CQ,O = 5 MHz. As the spin system is
only composed of one isolated 17O nucleus, there is no homonu-
clear dipolar interaction and the n = 0.5 R3 condition cannot be ob-
served in Fig. 6a. This figure shows that the minimum rf-value to
cover the entire breadth of the CT pattern and hence to spin-lock
efficiently is inversely proportional to the duty-cycles: mmin

1;O � 1
and 3 kHz for pO = 0.75 and 0.25, respectively. The dips observed
in the curves describing the spin-locking efficiency versus m1,O
are related to R3 effects due to quadrupole interactions. Simula-
tions, displayed for m1,O up to 32 kHz for the two duty-cycles, per-
fectly agree with Eq. (6) with n = 1 and 2 (pO = 0.25) and n = 1–6
(pO = 0.75). In practice, efficient CP transfers require efficient
spin-lockings, and they can thus only be achieved when the
rf-fields on both channels do not match the R3 conditions. When
taking into account the rf-inhomogeneity in the rotor, Fig. 6a

Fig. 6. (a) Simulated amplitude of the 17O magnetization versus the 17O rf-field of a multi-pulse spin-locking applied during s = 2 ms, for duty-cycles of pO = 0.25 (sO = 25 ls)
and 0.75 (sO = 75 ls), with B0 = 9.4 T, CQ,O = 5 MHz, gQ,O = 0, and mR = 10 kHz. (b) Experimental spin-locked amplitude of the 17O magnetization in Al2O3, with same
specifications as in (a), a recycle delay of 0.1 s and NS = 8000.
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demonstrates that the R3 detrimental effects can more easily be
avoided with pO = 0.25 than with pO = 0.75. These effects are even
worse for CW-CP MAS spin-locking because they then occur every
mR/(S + ½), which implies that a large part of the sample has a poor
transfer efficiency.

4. Experimental verifications

All experimental verifications have been performed at 9.4 T on a
Bruker 400 MHz spectrometer equipped with Avance-II console,
using a triple resonance probe with either a 2.5 or 3.2 mm £ rotor,
spinning at mR = 10 or 20 kHz. Three samples have been used:
amorphous 17O-enriched Al2O3 for 27Al? 17O CP-transfers, so that
Mg–Al–B glass and crystalline boron aluminate of empirical for-
mula 9Al2O3�2B2O3 (A9B2) for 27Al? 11B CP-transfers. We have
used VPI-5, H2O and NaBH4, as chemical shift references for 27Al,
17O and 11B isotopes, respectively.

4.1. 27Al (I = 5/2)? 17O (S = 5/2)

In Fig. 6b, we have represented the spin-locked 17O magnetiza-
tion versus the rf-amplitude observed on Al2O3 sample, with
mR = 10 kHz and sCP = 2 ms, for the duty-cycles of pO = 0.25 and
0.75. These experimental results show the dips concerning the R3

effect predicted from Eq. (6) and simulated in Fig. 6a. As example,
one finds the ratio of ca. 3 for the minimum rf-field able to spin-
lock correctly the full second-order line-width with pO = 0.25 and
0.75. However, the dips observed with m1,O � 13 (pO = 0.25) or
4.3, 8.6 and 13 kHz (pO = 0.75) are less pronounced than those
simulated in Fig. 6a. This may be due to the rf-inhomogeneity,
and to the fact that only few steps for the rf-field were used.

There are three aluminum and one oxygen resonances in Al2O3

(Fig. S3). The quadrupolar parameters (CQ (MHz), gQ) have been
estimated to be: (5.1, 0.5), (4.4, 0.5), (3, 0.6) and (3, 0) for AlIV,
AlV, AlVI and O, respectively (Fig. S3). The sample has been ca.
30% 17O-enriched.

In Fig. 7, we have represented the experimental efficiency of the
27Al? 17O MP-CP MAS transfer in Al2O3 with mR = 10 kHz and
m1,Al � m1,O � 3.5 kHz, corresponding either to KAl = KO or
KAl + KO = 2. In both cases, when KAl = KO = 1, which means two
CT-selective p-pulses of sAl � sO � 48 ls every rotor period, one
on each channel, a partial signal cancelation occurs. This partial
cancelation is related to the two coincidental matching conditions
of zero-quantum (e = +1, J = 0) and double-quantum (e = �1, J = 1)
transfers, which are of opposite signs. This cancelation is also
observable in Fig. 2b.

In Fig. 8a, we have represented the simulated build-up curve
that should be observed in the case of an isolated 27Al? 17O
spin-pair with |bAl–O|/(2p) = 400 Hz, mR = 10 kHz, m1,Al � m1,O
� 3.5 kHz, sAl = 24 ls, (KAl � 0.5, pAl = 0.24) and sO = 71 ls
(KO � 1.5, pO = 0.71). The experimental and simulated maxima are
observed at the same contact time of sCP � 2 ms, but the experi-
mental maximum is flatter than the simulated one. This difference
stems from the fact that in the sample, the 27Al nuclei are coupled
to several 17O nuclei. In Fig. 8b, we have represented the 27Al? 17O
MP-CP HETCOR 2D spectrum of Al2O3, recorded with mR = 10 kHz,
m1,Al � m1,O � 3.5 kHz and sAl = sO = 33 ls, corresponding to
KAl � KO � 0.7. The MAS spectrum at 9.4 T (shown vertically on

Fig. 7. Experimental efficiency of the 27Al? 17O MP-CP MAS transfer in Al2O3

corresponding either to KAl = KO (black curve) or KAl + KO = 2 (red curve). The
experiments were performed at B0 = 9.4 T, with mR = 10 kHz, m1,Al � m1,O � 3.5 kHz,
and sCP = 2 ms. The recycle delay is 0.1 s, NS = 8000. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 8. (a) 27Al? 17O MP-CP MAS transfer efficiency versus contact time, sCP, with B0 = 9.4 T, mR = 10 kHz, m1,Al � m1,O � 3.5 kHz, sAl � 24 ls (KAl = 0.5), sO � 71 ls (KO = 1.5),
NS = 8000, recycle delay = 0.1 s. The continuous black curve has been calculated with SIMPSON for one isolated 27Al–17O spin-pair with |bAl–O|/(2p) = 400 Hz,
CQ,Al = CQ,O = 5 MHz. The red points are the experimental results observed on Al2O3. (b) 27Al? 17O MP-CP MAS 2D HETCOR spectrum of Al2O3 with sCP = 2 ms, sAl = sO = 33 ls
(KAl � KO � 0.7). Other parameters are those of (a). MAS spectra are shown on the top (17O) and vertically on the left (27Al). Recycling delay = 0.25 s, NS = 20,000, experiment
time = 58 h. The carrier frequencies were in the middle of the peak for 17O, and on AlV for 27Al. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

X. Lu et al. / Journal of Magnetic Resonance 228 (2013) 148–158



the left) is less resolved than that recorded at 18.8 T (Fig. S3). By
comparing it with the 2D spectrum, one observes that the magne-
tizations of the AlV and AlVI resonances are transferred to the
oxygen atoms. However, the AlIV–O correlation is missing. We
were not able to obtain a similar MP-CP HETCOR spectrum using
17O? 27Al CP transfer, as the longitudinal relaxation time of 17O
is very long, which leads to a very poor S/N ratio.

4.2. 27Al (I = 5/2) ? 11B (S = 3/2)

4.2.1. Mg–Al–B glass sample
In glass samples, there is no long-range order, and thus diffrac-

tion methods cannot be used for their structural characterization.
For these samples, only solid-state NMR allows for analysis of
the local order, and this is mainly achieved with through-space
D-HETCOR spectra. Therefore, it is important to verify if MP-CP
MAS experiments described in Fig. 1 work correctly for two half-
integer quadrupolar nuclei in inorganic glasses. The sequence
was thus applied to a magnesium alumino-borate glass with a
40MgO–10Al2O3–50B2O3 molar composition. This material,
proposed for the development of sealing glasses [30], has been

prepared using the melt quenching procedure. Mixture of reagent
grade magnesium carbonate, aluminum hydroxide and boric acid
has been melted at 1300 �C during 20 min before being quenched.
It is noteworthy that the spatial proximity between Al and B ions in
a glass structure has been previously investigated by the TRAPDOR
technique [31], but correlation maps have never been edited to our
knowledge. In this Mg–Al–B glass sample, there is only one distrib-
uted boron site (Fig. S4b), but three different aluminum species are
observable after shearing data processing [32] of the MQMAS
z-filter [33] 2D spectrum shown in Fig. S4a: one tetra-coordinated
(AlIV), one pentavalent (AlV), and one hexa-coordinated (AlVI). We
have analyzed the 27Al? 11B MP-CP MAS transfers observable in
this sample with mR = 20 kHz. As explained previously, the first step
of the optimization procedure is to search for the rf-field ranges
that avoid any R3 effect during the spin-lock processes. This has
been done by observing the 27Al and 11B magnetizations after
3 ms spin-locking versus rf-amplitudes for five duty-cycles ranging
from p = 0.2 to 1, as shown in Fig. 9. Due to rf-inhomogeneity, R3

‘dips’ in spin-lock efficiency observed in this figure are less deep
than those shown previously in Fig. 6a. We have chosen duty-
cycles of pAl = 0.7 and pB = 0.56, and the corresponding optimized

Fig. 9. Optimization of the spin-locking rf-fields on 11B (a) and 27Al (b) for Mg–Al–B glass sample. For the five duty-cycles (p = 0.2, 0.4, 0.6, 0.8, 1.0), the related optimal rf-
fields are (kHz): m1,B = 17.6, 9.9, 7.9, 6.3, 5.6 and m1,Al = 10, 10, 8.9, 7.9, 7.1. The magnetizations have been recorded versus the rf-fields changed from 10 to 50 dB (100–0.8 kHz),
with B0 = 9.4 T, mR = 20 kHz, s = 3 ms, recycle delay = 6 s, and NS = 16.

Fig. 10. Mg–Al–B glass sample. 27Al? 11B MP-CP MAS with B0 = 9.4 T, mR = 20 kHz, pAl � 0.7, pB � 0.56 (KAl � KB � 0.7), m1,Al � 3.3 kHz, m1,B � 6.3 kHz, recycle delay = 1 s. (a)
Optimization of the contact time sCP, with NS = 512. (b) D-HETCOR spectrum recorded with sCP = 4 ms, NS = 2048, and experimental time of 24 h. 1D MAS spectra are shown
on top (11B, NS = 32) and vertically on the left (27Al, NS = 128).
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rf-fields deduced from Fig. 9, m1,Al = 3.3 kHz and m1,B = 6.3 kHz
(KAl � KO � 0.7), which led to sAl = 35 ls and sB = 28 ls. With these
rf values the MP-CP contact time was optimized to sCP = 4 ms
(Fig. 10a). Then, we have recorded the 27Al? 11B D-HETCOR
spectrum of this sample (Fig. 10b). This 2D spectrum displays the
three 27Al–11B correlations indicating that all aluminum sites are
close to the boron site. This is often observed in glasses.

4.2.2. Sensitivity to offsets with A9B2
9Al2O3�2B2O3 (A9B2) is a binary oxide that has previously been

studied by 27Al and 11B solid-state NMR [34,35]. This compound
presents one boron site (CQ,B = 2.6 MHz, gQ,B = 0, dcs,B = 16 ppm)

(Fig. S5a) and four aluminum sites: one AlIV site (CQ,Al = 9.1 MHz,
gQ,Al = 0.44, dcs,Al = 71 ppm), two AlV sites (CQ,Al = 8.0 MHz,
gQ,Al = 0.70, dcs,Al = 44 ppm; and CQ,Al = 6.8 MHz, gQ,Al = 0.08,
dcs,Al = 52 ppm), and one AlVI site with double intensity
(CQ,Al = 5.75 MHz, gQ,Al = 0.39, dcs,Al = 8 ppm) (Fig. S5b).

The experiments were performed at 9.4 T with a 2.5 mm rotor
spinning at mR = 20 kHz. In a first step, they were optimized ‘on-
resonance’, which means that the two rf-carrier frequencies were
situated in the middle of the powder patterns. Similarly to
Mg–Al–B glass, the rf-amplitudes were first optimized to avoid
any R3 effect during the spin-locking for five distinct duty cycles
and a spin-lock time of 8 ms (Fig. S6). Then the MP-CP contact time

Fig. 11. A9B2 sample. Efficiency of the 27Al? 11B MP-CP MAS transfer versus the offset on the 27Al channel (a–d) and 11B channel (e and f), with B0 = 9.4 T, mR = 20 kHz,
sCP = 10 ms, p = pAl = pB. Spectra have been acquired with NS = 128 (a and e) or 32 (b–d, f–h), but they are normalized each others. The recycle delay is 1.1 s.
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was optimized with two identical pulse lengths, sAl = sB = 10 ls
(KAl � KB � 0.6), with m1,Al � 10 kHz and m1,B � 15 kHz, and its opti-
mum value was found to be sCP � 10–20 ms (Fig. S7). With these
parameters optimized for ‘on-resonance’ irradiations, a 1D experi-
mental analysis of the offset effects was then performed for four
different duty cycles, pAl = pB = 0.1, 0.2, 0.4, and 1 (CW-CP), on the
27Al (Fig. 11a–d) and 11B (Fig. 11e–h) channels. These figures show
that MP-CP achieves efficient 27Al? 11B transfers, for which CW-
CP is inefficient. Furthermore, the offset ranges exhibiting signifi-
cant MP-CP transfer efficiency depends on the duty cycle. For
decreasing duty-cycle, the MP-CP transfer is efficient for larger off-
set, due to larger rf-fields. This is especially apparent for the 11B
offset (see Fig. 11e–h). Nevertheless, the MP-CP transfer efficiency
cancels for some offset values. These zero-crossings are fixed by sCP
length. Furthermore, the improved robustness to offset for decreas-
ing duty-cycle comes at the expense of a slightly decreased S/N
ratio (compare Fig. 11a and b–d, as well as Fig. 11e and f–g). The
best compromise between S/N ratio and sensitivity to offsets is
then obtained for p � 0.2–0.4. However, when using weak rf-fields
and moderate spinning speed, the ratios (2I + 1)m1,I/mR and
(2S + 1)m1,S/mR are smaller than one, and K parameters are then
smaller than p values (Eq. (5)). The experimental optimization then
results from a compromise in between small duty-cycles (p =
0.2–0.4) for robustness with respect to offsets, and larger duty-
cycles for efficient MP-CP transfers (KI � KS � 0.6–0.8) (Fig. 3 with

Eq. (8a)), and one may use duty-cycles in the p = 0.4–0.6 range.
The above experimental results are consistent with the simulated
results displayed in Fig. 5. It must be noted that the signal can be
negative with MP-CP. However, this does not hamper the struc-
tural investigation via D-HETCOR spectra, as their analysis can be
performed either by taking also into account the negative parts,
or by representing the modulus of the signal.

The higher robustness of MP-CP to offset has also been verified
experimentally by recording D-HETCOR 2D spectra of A9B2

(Fig. 12). The D-HETCOR spectra recorded at mR = 20 kHz are quasi
identical with CW-CP and MP-CP transfers when both irradiations
are sent ‘on resonance’ (Fig. 12a and b) However, the signal is
negligible for CW-CP when the offsets become larger than a few
kHz on both channels (Fig. 12d). Conversely, Fig. 12c shows that
MP-CP allows the observation of all 27Al–11B correlations, even
for offset of about 12 kHz.

5. Conclusions

We have presented a new cross-polarization MAS NMR pulse
sequence which allows analyzing spatial proximities between
two half-integer quadrupolar isotopes. This sequence is based on
a multi-pulse cross-polarization (MP-CP) transfer, instead of the
previous continuous-wave CP (CW-CP) transfer. Even if the spin
dynamics involved in the CP transfers between two quadrupolar

Fig. 12. A9B2 sample. 27Al? 11B MP-CP (a and c) and CW-CP (b and d) D-HETCOR spectra recorded at B0 = 9.4 T, with mR = 20 kHz, sCP = 10 ms, recycle delay = 1.1 s, NS = 256,
experiment time = 2.5 h. On 27Al and 11B channels, the irradiations were either on resonance (a and b), or with an offset of 12 kHz (c and d). (a and c) pAl = pB = 0.4
(KAl � KB � 0.7), m1,Al � 6 kHz, m1,B � 9 kHz; (b and d) m1,Al � 2.5 kHz, m1,B � 5.5 kHz. 1D MAS spectra (NS = 1024) are shown on the top (11B) and vertically on the left (27Al).
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nuclei remains a difficult problem, our sequence is more robust
than the previous one based on CW-CP transfers. Indeed, spin-
locking two quadrupolar nuclei under MAS requires using two
weak rf-fields, which lead to a large sensitivity to offsets. This sen-
sitivity is a very important limitation with CW-CP transfers,
whereas it is less with MP-CP. This improvement is really useful,
especially at high magnetic fields, which are recommended to
improve the NMR sensitivity and resolution for half-integer quad-
rupolar nuclei.

Another important limitation of CW-CP is related to Rotary
Resonance Recoupling (R3) detrimental effects, which always occur
with full rotor samples,when taking into account rf-inhomogeneity.
These effects are decreased when replacing CW-CP by MP-CP
transfers. Indeed, the robustness to R3 effects then becomes roughly
inversely proportional to the duty-cycle of the rotor-synchronized
pulses. This leads to a larger robustness of D-HETCOR experiments
using MP-CP transfer.

The way to set up the MP-CP experiment is first by optimizing
the two spin-lock rf-fields as shown in Fig. 9. In case of samples
with nuclei presenting large offsets, small duty-cycles of ca.
p = 0.2–0.4 should be preferred as they provide the best robustness
to offsets (Fig. 11). In case of samples presenting moderate offsets,
larger duty-cycles of ca. p = 0.4–0.6 may be used to increase the
efficiency of the MP-CP transfer. With these values of rf-fields
and pulse lengths, the contact time should then be optimized.

By using a frequency splitter and a single channel MAS probe,
this MP-CP sequence may allow analyzing the through-space prox-
imities between two nuclei with close Larmor frequencies [17].
These two nuclei may have any half-integer spin value, and they
even may be two quadrupolar nuclei, such as 45Sc, 93Nb, 27Al,
51V, and 23Na. This is technically impossible with a CW-CP transfer,
as most such frequency splitters do not allow irradiating the two
channels simultaneously. However, in this case, the sum of the
two pulse lengths must be smaller than the rotor period.

It is important to remind that, in spite of its improved robust-
ness with respect to CW-CP, MP-CP cannot allow obtaining quan-
titative analyses of spatial proximities in between two
quadrupolar nuclei, and that the results only remain qualitative.
The MP-CP transfer could be combined with an MQMAS [36,37]
or STMAS [38] 2nd-order quadrupolar filter on the I nuclei, in order
to obtain a 2D D-HETCOR spectrum presenting a high-resolution
along F1, in the same way it has been demonstrated with CW-CP
transfer [39].
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