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Abstract: 

 The efficacy of dynamic nuclear polarization (DNP) surface-enhanced NMR 

spectroscopy (SENS) is reviewed for alumina, silica, and ordered mesoporous carbon (OMC) 

materials, with vastly different surface areas, as a function of the biradical concentration.  

Importantly, our studies show that the use of a “one-size-fits-all” biradical concentration should 

be avoided when performing DNP SENS experiments and instead an optimal concentration 

should be selected as appropriate for the type of material studied as well as its surface area. In 

general, materials with greater surface areas require higher radical concentrations for best 

possible DNP performance. This result is explained with the use of a thermodynamic model 

wherein radical-surface interactions are expected to lead to an increase in the local concentration 

of the polarizing agent at the surface.  We also show, using plane-wave density functional theory 

calculations, that weak radical-surface interactions are the cause of the poor performance of DNP 

SENS for carbonaceous materials.  
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1. Introduction 

Atomic-level characterization of non-crystalline materials is always a demanding task.  

The lack of long-range periodicity precludes the use of diffraction techniques and structural 

complexity limits the information that can be gained from techniques such as X-ray absorption 

and infrared spectroscopy.  Nuclear magnetic resonance (NMR) spectroscopy is able to provide 

unrivaled structural information on such materials; however, the extent of the experiments that 

can be performed is limited by NMR’s low sensitivity.  This is particularly acute when the sites 

of interest are situated exclusively at the surface and are thus severely reduced in concentration, 

as is the case, for example, in a heterogeneous catalyst.1 

Recently, dynamic nuclear polarization (DNP) surface-enhanced NMR spectroscopy 

(SENS) has emerged as an important technology enabling the characterization of material 

surfaces.1- 3  In a DNP SENS experiment the material is impregnated with a solution containing 

dinitroxides4 such that its surface becomes coated with the radical molecules.  By then 

irradiating the sample with microwaves near the electron Larmor frequency, the resulting high 

Boltzmann polarization of the electron spins can be transferred to the nearby surface nuclear 

spins and enhance their polarization.5  While early applications of DNP SENS involved the 

characterization of mesoporous silica nanoparticle (MSN)-supported compounds and 

catalysts,2,6- 17  the scope of the technique has quickly expanded, enabling the atomic-level 

characterization of the surfaces of Sn-β-zeolites,18- 20 metal-organic frameworks,21- 24 metal 

nanoparticles,25,26,27 and quantum dots,28 to name a few examples. 

In principle, sensitivity enhancements (ε) as large as γe/γn can be obtained, corresponding 

to 658 for 1H, but in practice the situation is more complicated.11,29,30  DNP experiments are 
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typically performed at low temperatures (~100 K) in order to increase the electron relaxation 

times. On the one hand, the low temperature also leads to an increase of the Boltzmann 

polarization, in this case by a factor of ~3, and a reduction of the thermal noise.  The low 

temperature may, however, additionally broaden the linewidths and increase the spin-lattice 

relaxation time (T1), thus reducing the sensitivity.  The presence of frozen solvent may 

additionally influence T1 as well as the efficiency of cross polarization between 1H and the 

nuclei of interest.  Furthermore, volume-reduced rotors are used to maximize the microwave 

coverage, which leads to an additional loss of sensitivity with respect to conventional solid-state 

(SS)NMR measurements.  For the purpose of this study, however, we simply will compare the 

sensitivity of the DNP SENS method with that of the non-DNP enhanced low-temperature 

magic-angle-spinning (LTMAS) approach using the same equipment.  In that case, the absolute 

sensitivity improvement is given by: 

(1)  
DNP

LTMAS,1
on/offtime T

Tθεε = . 

 In equation 1, εtime is the sensitivity improvement of the DNP experiment, with respect to 

a LTMAS experiment, for a fixed amount of time.  εon/off is the commonly-reported DNP 

enhancement factor measured by performing identical NMR experiments with the microwaves 

turned on and off.  θ is the contribution factor which corrects for the magnetization that is lost 

either by signal quenching or cross-effect-induced depolarization31 when radicals are 

incorporated into the sample.  Lastly, T1,LTMAS and TDNP are the spin-lattice relaxation and DNP 

build-up times, which dictate the frequency at which the experiment can be repeated when 

performing a LTMAS or DNP experiment, respectively.  The product: εon/off θ, which represents 

the sensitivity improvement per scan can be directly measured by comparing the DNP and the 
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LTMAS spectra and will be referred to as εscan. Note that the time saving of performing a DNP 

experiment, with respect to an LTMAS experiment, is equal to (εtime)2.  

 In order to take full advantage of DNP’s sensitivity, the value of εtime must be maximized. 

Increasing the radical concentration will, of course, lead to a favorable decrease of TDNP and an 

increase in the probability of the occurrence of cross-effect events; thus leading to an increase of 

εon/off.  The electron and nuclear relaxation times are, however, shortened when high radical 

concentrations are used which causes a reduction of εon/off.  High radical concentrations also 

increase the signal bleaching and reduce θ.   

 Most of the currently used ‘recipes’ for sample formulations base their merit on earlier 

reported optimizations tailored toward specific samples.  In particular, Rossini and coworkers 

optimized the radical concentration to maximize the sensitivity of DNP SENS experiments 

performed on high-surface MSN materials and arrived at a value of ~16 mM.  The subsequent 

studies, performed on a plethora of different materials, have then commonly used similar 

concentrations.  Akbey and coworkers, however, noticed that a lower radical concentration of 5 

mM provided higher enhancements than the conventional concentration of 20 mM in the case of 

large (90 nm) spherical silica nanoparticles.32  Later, Sangodkar and coworkers made the similar 

observation that a radical concentration of 4 mM yielded the highest εon/off values in 13C and 29Si 

cross-polarization (CP)MAS experiments performed on low-surface-area (~1 m2/g) silicates.33  It 

would then seem that the optimal radical concentration for DNP SENS experiments is not 

uniform across all materials and may in fact be correlated to the surface area, and perhaps also 

the surface functionality, of the material. 
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 Here, we set out to systematically assess the efficacy of DNP on a wide range of 

materials and concentrations of radicals. To this end, we prepared several series of materials, 

varying their chemical structure and surface area in a controlled fashion, to assess the effect of 

different radical formulations on the DNP enhancement factors (εon/off) and sensitivity 

improvements (εtime).  Due to their importance in catalysis we selected alumina as well as silica 

materials, prepared with surface areas ranging from just a few to hundreds of m2/g.  We also 

chose to investigate ordered mesoporous carbon (OMC) since carbonaceous materials are the 

largest class of materials for which sensitivity enhancements by DNP SENS have remained 

elusive.  Our results are explained using a simple thermodynamic model and, in the case of 

OMCs, by plane-wave density functional theory (DFT) calculations. 

2. Results and Discussion 

2.1 DNP Performance 

2.1.1 Silica-Alumina 

 Alumina materials, particularly γ-Al2O3, are among the most important catalysts and 

catalyst supports used in the petrochemical industry.34,35  It is thus of great interest to optimize 

DNP SENS for their studies.27  The surface area of Al2O3 can be tuned by calcining the material 

at various temperatures, which sinters Al2O3 particles together.  The calcination of Al2O3 at 

elevated temperatures, however, induces numerous phase transitions to polymorphs that may 

have different affinities to the radical molecules.  Nevertheless, it has been shown that the γ-

Al2O3 polymorph can be stabilized at elevated temperatures by functionalizing the surface with 

silica in a 5% w/w ratio.36  This silica-alumina is then the ideal alumina material with a tunable 
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surface area. Silica-aluminas are themselves important industrial catalysts that have been studied 

by DNP SENS.37,38,39 

 We prepared a series of silica-alumina samples, with surface areas ranging from 403 m2/g 

to 3.85 m2/g, by calcining commercial alumina, doped with 5% silica, (Siral-5) at temperatures 

ranging from 1000 to 1400°C.  These samples were then left under ambient conditions for 

several days, which was required to equilibrate the surface hydroxyl concentration to a consistent 

value.40  The resulting materials were subsequently impregnated with 1,1,2,2-tetrachloroethane 

solutions of the TEKPol biradical41 at concentrations ranging from 1 to 50 mM, and packed into 

the 3.2-mm o.d. sapphire rotors used for DNP experiments.  The mass of the material, as well as 

the volume of the radical solution, was kept constant while the TEKPol concentration was 

varied.  However, the materials having lower surface areas required a larger sample quantity to 

fill the rotor and slightly less radical solution to coat the particles.  Therefore, for each surface 

area, the volume of radical solution chosen was the lowest that would give the powder a wet 

appearance.  Prior to performing the DNP experiments, the samples were degassed by freezing 

and thawing the sample in the sample catcher twice for 4 minutes at a time to remove 

paramagnetic O2 impurities.42 

 For each sample, the surface 1H DNP enhancement factors (εon/off) were measured by 

performing 27Al PRESTO-III experiments43,44 with the microwaves turned on and off.  The 

phase cycling of the PRESTO-III sequence was able to completely remove the strong 27Al 

background from the sapphire rotor.  27Al PRESTO-III spectra were also acquired for dry 

samples to measure the absolute values of the contribution factor θ, as well as εscan and εtime.  In 

the lowest-surface-area Siral-5 samples (3.85 and 22.9 m2/g), the sensitivity was insufficient to 

allow for the measurement of non-DNP-enhanced 27Al spectra and thus the relative value of εtime 
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was measured by comparing the DNP-enhanced spectra with those acquired with the lowest 

TEKPol concentration used (1 mM).  These results are tabulated in Tables S1-S5 in the 

supporting information and plotted in Figures 1 and 2 below. 

 

Figure 1. The relative values of εon/off for Siral-5 samples having BET surface areas of 3.85 (a), 

22.9 (b), 84 (c), 153 (d), and 403 m2/g (e) are plotted as a function of the concentration of the 

TEKPol solution used for the measurement.  The data are fit with stretched Gaussian functions.  

The positions of the maxima of these curves represent the TEKPol concentrations yielding the 

largest εon/off value for that sample.  As can be gleaned from the plots in (a)-(e), and as is plotted 

in (f), as the surface area of the material increases, the optimal TEKPol concentration also 

increases; the error bars are obtained by fitting the data in (a)-(e).  The data in (f) are fit with: 

[TEKPol]optimal = -15.467 mM + 24.751 mM·g/m2 SA, where SA is the BET surface area in units 

of m2/g. 
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Figure 2. The relative values of εtime for Siral-5 samples having BET surface areas of 3.85 (a), 

22.9 (b), 84 (c), 153 (d), and 403 m2/g (e) are plotted as a function of the concentration of the 

TEKPol solution used for the measurement.  The data are fit with stretched Gaussian functions.  

The positions of the maxima of these curves represent the TEKPol concentrations yielding the 

highest time sensitivity for that sample.  As can be gleaned from the plots in (a)-(e), and as is 

plotted in (f), as the surface area of the material increases, the optimal TEKPol concentration 

also increases; the error bars are obtained by fitting the data in (a)-(e).  The data in (f) are fit 

with: [TEKPol]optimal = -2.1114 mM + 12.871 mM·g/m2 SA, where SA is the BET surface area 

in units of m2/g. 

 Clearly, there is a strong correlation between the Brunauer-Emmett-Teller (BET) surface 

area of the material and the optimal radical concentration to use, which is in agreement with the 
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earlier results of Akbey et al. and Sangodkar et al.32,33  Lower-surface-area materials require a far 

lower radical concentration to maximize their enhancement factors (Figure 1) or sensitivity 

(Figure 2); see also data in Table S6.  In fact, our data shows that the use of “standard” radical 

concentrations may in fact lead to losses in potential sensitivity.  Similarly to what Rossini et al. 

observed,7 we noted that while a high radical concentration was necessary to maximize the 

enhancement factors, a lower concentration yielded the highest sensitivity per unit of time, due to 

the reduced signal bleaching.  However, we also observed that the radical concentration yielding 

the highest εon/off and εtime values varied over an impressive range from 2 mM to 50 mM, 

depending on the surface area of the material.  In particular, for the alumina materials with the 

largest surfaces studied here, radical concentrations approaching 30 mM were required to 

maximize the absolute sensitivity. In future DNP SENS experiments performed on alumina 

materials, it may then be useful to perform a BET measurement prior to performing DNP in 

order to select the appropriate radical concentration to maximize the sensitivity according to 

Figure 2f. 

2.1.2 Silica Nanoparticles 

 Similarly to Akbey et al.,32 we prepared non-porous silica nanoparticles of various sizes 

using a modified Stöber method.4546,47  This allows for the surface area of the material to be 

controlled with high precision, while maintaining a similar morphology and surface structure.  

Using this method, we prepared silica samples having BET surface areas ranging from 9.4 to 427 

m2/g. 

 In accordance with the measurements performed on Siral-5, we measured the surface 1H 

DNP enhancements with the use of 29Si CPMAS NMR experiments as a function of both the 
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radical concentration and the material’s surface area.  The data are presented in Tables S7-S11 in 

the supporting information.  Again, we observed a correlation between the optimal radical 

concentration to maximize either εon/off or εtime and the BET surface area of the material; see 

Figures 3 and 4 and Table S12 in the supporting information.  In contrast to the data in Figures 1 

and 2, however, and in agreement with Rossini’s prior work,7 a lower TEKPol concentration was 

necessary to maximize the DNP performance in these silica samples.  Importantly, also, the use 

of a standard 15 mM radical concentration would lead to a 34% reduction in sensitivity for the 

44.4 m2/g sample, when compared to the use of the 4 mM concentration we identified as optimal.  

In the low-surface area end of Figures 3f and 4f it also appears that the curve reaches an 

asymptote at a concentration of ~2 mM.   
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Figure 3. The relative values of εon/off for silica nanoparticle samples having BET surface areas 

of 9.4 (a), 44.4 (b), 93.3 (c), 186 (d), and 427 m2/g (e) are plotted as a function of the 

concentration of the TEKPol solution used for the measurement.  The data are fit with stretched 

Gaussian functions.  The positions of the maxima of these curves represent the TEKPol 

concentrations yielding the largest εon/off value for that sample.  As can be gleaned from the plots 

in (a)-(e), and as is plotted in (f), as the surface area of the material increases, the optimal 

TEKPol concentration also increases; the error bars are obtained by fitting the data in (a)-(e).  

The data in (f) are fit with: [TEKPol]optimal = -10.342 mM + 11.126 mM·g/m2 SA, where SA is 

the BET surface area in units of m2/g. 
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Figure 4. The relative values of εtime for silica nanoparticle samples having BET surface areas of 

9.4 (a), 44.4 (b), 93.3 (c), 186 (d), and 427 m2/g (e) are plotted as a function of the concentration 

of the TEKPol solution used for the measurement.  The data are fit with stretched Gaussian 

functions.  The positions of the maxima of these curves represent the TEKPol concentrations 

yielding the highest time sensitivity for that sample.  As can be gleaned from the plots in (a)-(e), 

and as is plotted in (f), as the surface area of the material increases, the optimal TEKPol 

concentration also increases; the error bars are obtained by fitting the data in (a)-(e).  The data in 

(f) are fit with: [TEKPol]optimal = -9.6998 mM + 11.082 mM·g/m2 SA, where SA is the BET 

surface area in units of m2/g. 

2.1.3 Ordered Mesoporous Carbon 

 In spite of the early success of 1H and 13C DNP using intrinsic radicals for the 

characterization of coal samples,48- 52 attempts to apply DNP SENS methodology using radical 
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dopants to carbonaceous materials have been met with great difficulty.  For example, very 

recently, Leskes and co-workers studied the solid electrolyte interface on reduced graphene 

oxide materials and were unable to record a DNP enhancement for the reduced graphene oxide 

layer.53  Similarly, Mance and co-workers used DNP SENS to study coke deposits on fluid 

catalytic cracking catalysts and were only able to measure low enhancement factors of 2.5 to 

4.6.54  Nevertheless, motivated by the success of DNP SENS on mesoporous silica2 and 

mesoporous alumina55 we have attempted to apply the technique to the characterization of 

OMCs.56  Specifically, we studied a nitrogen-doped OMC prepared from 3-aminophenol that 

was carbonized at 400°C.57,58  The material has a BET surface area of 444 m2/g, which is similar 

to the highest surface area alumina and silica samples studied here.  The use of a higher 

carbonization temperature dramatically increases the material’s electron conductivity, which 

precludes the use of MAS. This material and others will be described in a later publication. 

 In accordance with the measurements performed on the silica-alumina and silica samples, 

we have opted to measure the DNP enhancement of this class of materials as a function of the 

concentration of the TEKPol solution.  To our disappointment, no DNP enhancement was 

initially observed, likely due to the sample’s very short 1H T1 relaxation time of 390 ms, see 

Table S13 in the supporting information.  It is, however, well known that the 1H relaxation times 

in coals are dominated by the paramagnetic oxygen absorbed in its pores.51,59  By degassing the 

sample with five 4 minute freeze-thaw cycles we were able to dramatically increase the 

relaxation time to 2.2 s and observe DNP enhancements. 

 In contrast to alumina and silica, however, the data in Figure 5a show that, even at the 

highest radical concentration (50 mM), the enhancement factors continued to show steep 

increases. In fact, the material behaved as though the concentration of radicals was very low. For 
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example, aside from the low DNP enhancement factors, it can be seen in Figure 5b that the 1H 

relaxation time was hardly affected by the high radical concentration.  Additionally, as can be 

seen in Figure 5c, the inclusion of high radical concentrations did not induce much quenching of 

the NMR signals, particularly when compared to alumina and silica, which showed ~90% 

quenching when a 50 mM radical concentration was used.  We hypothesize that the differences 

in the three materials’ DNP performance, and the dependence of DNP SENS on the surface area, 

are caused by the materials’ differing affinities to the TEKPol molecule.  This will be discussed 

in detail in the following section. 

 

Figure 5. The vales of εon/off (black squares) and ε time (red circles) measured for an OMC are 

plotted in (a) as a function of the radical concentration.  As can be seen, even with a TEKPol 

concentration of 50 mM, the enhancement factors continually increase as the radical 

concentration is increased.  The value of TDNP is also plotted in (b) illustrating that, in contrast to 

the other samples, the relaxation times are hardly affected by the increase in radical 

concentration.  The contribution factor is plotted in (c) as a function of the radical concentration 

for OMC, Siral-5, and silica nanoparticles having similar BET surface areas (~400 m2/g) using 

black squares, red circles, and blue diamonds, respectively.  As can be seen, the amount of 

bleaching is greatest for silica and alumina and weakest for the OMC. 
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2.2 Thermodynamic Model 

 Given that different materials require different concentrations of radicals, and that the 

DNP performance is correlated to the surface area of the material, there must be an interaction 

between the radical and the material’s surface.  This has in fact been demonstrated in the case of 

alumina surfaces.60  We can then assume the following simple chemical reaction describing the 

adsorption of a TEKPol molecule on a material surface. 

(2)  [TEKPol]bulk   ⇄  [TEKPol]surface                                                                                                                                                                                                                                                                                                                                                                                                      

 The equilibrium constant for this reaction (K) is given by: 

(3)   [ ]
[ ]bulk

surface

TEKPol
TEKPolK = , 

which is related to the strength (Gibbs free energy, ΔG°) of the radical-surface interaction by: 

(4)  






 ∆−
=

RT
GK

o

exp . 

In equation 4, R is the free gas constant and T is the temperature.  It is important to note that the 

concentration at the surface of the material can differ greatly from that in the bulk depending on 

the value of K. 

 After the material is impregnated with a small amount of the radical solution (Vinjection), 

some of the radical molecules will form intermolecular interactions with the material surface and 

will be adsorbed at this interface.  The volume of this interface (Vsurface) corresponds to that 

within a cutoff distance (d) from the surface and depends directly on the surface area (SA) and 

mass (m) of the sample in the rotor: 

https://en.wikipedia.org/wiki/%E2%87%84
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(5)  mdSAV **surface = . 

 The remaining radical molecules must be situated in the excess volume (Vexcess): 

(6)  surfaceinjectionexcess VVV −= . 

 Given that the total amount of radical molecules remains constant, 

(7)  [ ] [ ] [ ] surfacesurfaceexcessexcessinjectioninjection VTEKPolVTEKPolVTEKPol += , 

the concentration of radicals at the surface is given by: 

(8)  [ ] [ ] ( )
surfaceexcess

surfaceexcessinjection
surface KVV

VVTEKPolK
TEKPol

+

+
= .  

 It can then be seen that the radical concentration at the surface, which dictates the 

efficiency of DNP SENS, will be strongly affected by the radical’s affinity to the surface (K).  

Additionally, if the surface area increases the concentration of the radical at the surface will 

decrease.   A more concentrated radical solution will then be needed in order to observe the same 

DNP efficiency, in agreement with the experimental results in Figures 1-4.  Similarly, if the 

material has a low affinity to the radical, a higher radical concentration will be necessary.  An 

alternative approach would be to tailor the structure of the polarizing agent such that it is 

attracted to the surface in question, thus increasing K,61 or to introduce a “gluing agent” into the 

sample to attract the radical molecules to the surface.62   

 In light of this, the fact that silica and alumina require far lower radical concentrations to 

reach optimal sensitivity and exhibit far more signal bleaching than the OMC suggests that: 

KSiO2, KAl2O3 >> KOMC.  We have tested this conclusion by measuring the DNP efficiency of 
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physical mixtures of OMC and SBA-15 type, using a TEKPol concentration of 15 mM.  The 

enhancement factors for each material could be conveniently measured by performing 29Si 

CPMAS (MSN) and 13C CPMAS (OMC) experiments.  These results are summarized in Table 

S14 of the supporting information and are plotted in Figure 6.  As can be seen in Figure 6a, the 

OMC’s DNP efficiency was reduced when the amount of silica was increased.  This decrease in 

efficiency suggests that the MSN draws in much of the radical molecules, thus decreasing the 

concentration within the OMC.  Similarly, when the OMC fraction is increased, the radical 

concentration inside the MSN increases, beyond the 15 mM maximum, which causes a reduction 

in enhancement.  This local increase in concentration is also evidenced by a reduction in TDNP 

(Figure 6b).   

 

Figure 6. The 13C and 29Si CPMAS εon/off values measured for an OMC (red circles) and an 

MSN (black squares) in physical mixtures of the two materials are plotted in (a) as a function of 

the weight percent of the OMC in the mixture.  A radical concentration of 15 mM was used.  It 

can be seen that as the quantity of OMC is increased the enhancement factor of the OMC is 

increased while that of the MSN is decreased.  In (b) the respective values of the TDNP for the 

two materials are plotted as a function of the weight percent of the OMC.  Higher quantities of 
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OMC led to a reduction of the MSN’s spin-lattice relaxation time.  Both observations point to the 

MSN absorbing a greater quantity of TEKPol than the OMC.  

 In order to gain insights into the relative sizes of KSiO2 and KAl2O3 the data in Tables S6 

and S12 can be fit using the proposed thermodynamic model.  For this, equation 8 must be 

restructured in order to represent the optimal injection radical concentration as a function of the 

surface area of the material: 

(9) [ ] [ ] ( )
( )surfaceexcess

surfaceexcesssurface
injection VVK

KVVTEKPolTEKPol
+

+
= . 

 Generally, equation 9 converges to [TEKPol]surface at the high-surface-area limit and to 

[TEKPol]surface/K at the low-surface-area limit, thus giving some insights into the magnitude of 

K.  Since we observed the broadest spectrum of radical concentration in the case of Siral-5, this 

material is expected to have the larger K, which suggests that it forms stronger surface-radical 

interactions than silica.  The optimal surface radical concentration is also notably higher for 

Siral-5, likely due to the greater 1H density found in Al2O3.63,64  However, obtaining precise 

values for KSiO2 and KAl2O3 by fitting the acquired data is not possible since sufficient 

convergence was not observed.  Example fits are shown in Figure S1 in the supporting 

information. 

2.3 Adsorption Study with Density Functional Theory  

 In order to better understand the interactions between the radical molecules and the 

alumina, silica, and carbon surfaces, we studied the adsorption of a TEMPO molecule onto the γ-

Al2O3 (100),65 β-SiO2 (111),66 and graphite (0001)67 surfaces using DFT calculations.68,69  The 

DF1-optPBE exchange-correlation functional was used to include van der Waals 
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interactions.70,71  TEMPO, being the central part of all common DNP polarizing agents, was used 

as a model for the far larger TEKPol molecule.  Different adsorption sites and orientations of the 

TEMPO molecule were trialed in order to search for the most stable conformations on the three 

different surfaces.  These are shown in Figure 7 below.  The corresponding adsorption energies 

(Eads) and the OH coverages (θOH) are listed in Table 1.  With the exception of graphite (0001) 

with θOH = 0.0, where the TEMPO prefers to lay parallel on the surface, the favored positioning 

has an upright orientation with the –NO group interacting with the surface hydroxides via 

hydrogen bonding.  Additionally, on γ-Al2O3 (100), which has the highest θOH value of 5.94 nm-

2 in our calculations, the alkyl groups can also interact with surface hydroxides to further 

enhance the adsorption.  The binding strength is therefore greatest for alumina and weakest for 

carbon, as expected from the experimental data.  The very low binding energy of TEMPO onto 

carbon is clearly the determining factor which necessitates the use of very high radical 

concentrations when performing DNP SENS experiments on carbonaceous materials.   
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Figure 7. The most stable adsorption structures of a TEMPO molecule on (a) γ-Al2O3 (100), (b) 

β-SiO2 (111) and (c) graphite (0001) surfaces calculated using DFT-DF1-optPBE. The C, H, N, 

and O atoms from TEMPO are represented using gray, white, blue, and red spheres, respectively 

while the Al, O, Si and C atoms of the substrate are represented using large gray, red, brown and 

gray spheres, respectively. The upper and lower panels show the top and side views of the 

structures.  OH groups are used to passivate the dangling Al and Si bonds on the surfaces in (a) 

and (b) with the coverage of 5.94 and 4.16 nm−2, respectively.  

 

Table 1. Adsorption energies (Eads) of the TEMPO molecule on γ-Al2O3 (100), β-SiO2 (111) 

and graphite (0001) surfaces calculated using DFT-DF1-optPBE with different OH coverages 

(θOH). 

Surface θOH (nm−2) Eads (eV) 

γ-Al2O3 (100) 5.94 −5.28 
2.97 −2.79 

β-SiO2 (111) 4.16 −2.60 
Graphite (0001) 0.00 −0.79 
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3. Conclusions 

 In conclusion, we have shown that the optimal radical concentration for performing DNP 

SENS experiments is not uniform across all materials, but rather depends very closely on the 

surface area of the material and the functional groups situated at its surface.  We explained this 

finding using a thermodynamic model in which favorable radical-surface interactions lead to an 

increase the radical’s concentration near the surface.  In accordance with our experimental 

results, this model predicts that the optimal radical concentration increases as the material’s 

surface area increases.  Furthermore, since materials with inert surfaces, such as ordered 

mesoporous carbons, interact poorly with the radical molecules, they require far higher radical 

concentrations to maximize their DNP efficiencies.  This finding allowed us to acquire the first 

successful DNP SENS spectra of carbonaceous materials.  Importantly, this work shows that the 

use of “standard” radical concentrations should be avoided when performing DNP SENS 

experiments as these can lead to suboptimal performance, or even loss of sensitivity, in new 

classes of materials.  When studying silica and alumina materials, BET measurements should be 

performed prior to preparing the DNP samples, and the data shown in Figures 2 and 4 can be 

used to select the appropriate radical concentration.  In other materials, different radical 

concentrations should be tested in order to maximize sensitivity. 

4. Materials and Methods 

4.1 Physisorption 
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 Nitrogen physisorption measurements were used to determine the surface areas of the 

material using the Brunauer-Emmett-Teller (BET) method.72 The measurements were performed 

on all materials at -196°C using a Micrometrics Tristar analyzer.  

4.2 Sample Preparation 

   Commercial 5% silica on alumina (Siral-5) was obtained from Sasol, tetraethyl 

orthosilicate (TEOS) was purchased from Gelest, L-Lysine from Sigma-Aldrich, and ammonium 

hydroxide solution from Fisher.  Ammonia (28 wt.%, >99% pure), Pluronic F-127, 

hexamethylenetetramine (HMT) (>99% pure), 3-aminophenol (>99% pure), and 1.3.5-

trimethylbenzene (mesitylene, >98% pure) were purchased from Sigma Aldrich. All materials 

were used as received without further purification.  Deionized water (>17.8 MΩ cm-1 at 25°C) 

was generated in-house in a Barnstead e-pure system.  An SBA-15 type MSN was prepared 

using previously published procedures.73 

 Prior to calcination, Siral-5 had a BET surface area of 403 m2/g.  This material was 

calcined at 1000°C for 24 hours followed by a second calcination step at 1050°C for 24 hours to 

yield the material with a 153 m2/g surface area.  The material having a surface area of 84 m2/g 

was obtained by calcining the as-received material at 1200°C for 24 hours.  The materials having 

surface areas of 22.9 and 3.85 m2/g were obtained by calcining the as-received material at 

1300°C and 1400°C, respectively, for 5 hours. 

 The low-surface-area non-porous silica particles were prepared using a previously 

reported modified Stöber method,45,46 in which the ratio of ethanol and water was used to control 

the size of the silica spheres. Briefly, ethanol ((50-x) mL), water (x mL, x = 0, 10, 30) and 

ammonium hydroxide (3 mL) were mixed at room temperature. TEOS (1.5 mL) was added to 
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this solution, in one step, and the solution was stirred for 1 h. Finally, the silica particles were 

centrifuged, washed with water and calcined at 550°C for 6 h.  

 High-surface-area non-porous silica nanoparticles were prepared by the L-lysine-

catalyzed hydrolysis of TEOS in water.47 Briefly, L-lysine (15 mg, 0.1 mmol) was dissolved in 

15 mL of water. TEOS (1.1 mL, 4.93 mmol) was added to the water-lysine solution, in one step, 

which created two phases: one containing water and lysine and the other containing the TEOS. 

The resulting mixture was stirred for 24 h at 60 or 100°C and was subsequently left at 100°C for 

another 24 h without stirring. The solvent was lastly evaporated at 100°C. The silica 

nanoparticles were then calcined at 550°C for 6 h.  

 Nitrogen-containing ordered mesoporous carbon (OMC) materials were synthesized 

following a modification of a reported procedure.58  One mL of aqueous ammonia was added to 

a 250 mL conical flask containing 52 mL of de-ionized water, while stirring.  Then, 2.0 g of 

Pluronic F-127 and 0.7 g HMT were added to this solution with continuous stirring to ensure 

complete dissolution at each addition.  Subsequently, 1.09 g of 3-aminophenol and 0.4 g of 

mesitylene were added to the solution.  The resultant mixture was stirred at room temperature for 

1 h before being transferred into an oil bath, at 80°C, and then stirred at a rate of 90-100 rpm for 

24 h.  After this treatment, the contents were brought to room temperature and the dark solid 

product was separated from solution by centrifugation at 9000 rpm for 15 min.  The product was 

dried at 90°C overnight and ground to a powder.  The powder was then loaded onto quartz boats 

and carbonized at 400°C, under a flow of nitrogen gas, in a tubular reactor.  

4.3 DNP SSNMR Measurements 
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 5-15 mg of sample was impregnated with 7-21 μL of a 1,1,2,2-tetrachloroethane solution 

of the TEKPol biradical.  The mass of the sample was varied depending on the material type, and 

surface area, such that it could fill 2/3 of the active volume of the rotor and obtain the largest 

enhancement factors.74  Similarly, the volume of the radical solution was varied for the different 

samples since lower-surface-area materials required less solution.  The minimal radical solution 

that gave the powder a wet appearance was used.  Note that identical sample and solution 

quantities were used when varying the TEKPol concentration for a given material.  

 These mixtures were then packed into 3.2-mm sapphire rotors and sealed with a Teflon 

plug.  The rotors were pre-spun at room temperature, prior to performing the DNP measurements 

at 100 K, in order to symmetrize the sample within the rotor.  In all cases, two freeze-thaw cycles 

were performed to degas the sample with the exception of the OMC, for which 5 cycles were 

performed.42 

 All DNP SSNMR measurements were performed on a Bruker AVANCE III 400 DNP 

SSNMR system equipped with a 3.2-mm LTMAS probe and a 263 GHz gyrotron.  The surface 

1H DNP enhancements were measured indirectly by performing 27Al PRESTO-III,43,44 29Si 

CPMAS, and 13C CPMAS in the case of Siral-5, silica, and OMC, respectively.  For all 

measurements, the recycle delay was set to 1.3 times the spin-lattice relaxation time measured 

using a saturation recovery experiment. 

 The 27Al PRESTO-III measurements were performed at a MAS frequency of 10 kHz 

using 15 and 30 μs central transition selective 27Al 90° and 180° pulses.  A total of 8 rotor 

periods of R181
7R181

-7 recoupling75 were used and a total of 16 to 512 scans were accumulated.  
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In order to suppress the signal from the sapphire rotor, sixty 90° presaturation pulses were 

applied at the 27Al frequency immediately prior to performing the polarization transfer.   

 The 29Si CPMAS measurements were performed using a 2.75 μs 1H excitation pulse and 

a 4 ms contact time.  A total of 16 to 128 scans were accumulated.  The MAS frequency was set 

to 8 kHz for the silica nanoparticle sample and 6 kHz for SBA-15. 

 The 13C CPMAS measurements were performed using a MAS frequency of 10 kHz, a 2.1 

μs 1H excitation pulse and a 2 ms contact time.  A total of 128 to 1024 scans were accumulated. 

DFT 

 All DFT calculations were performed in a plane-wave basis using the projector 

augmented wave method,76 as implemented in the Vienna Ab initio Simulation Package 

(VASP).77,78  The DF1-optPBE exchange-correlation functional70,71 was used in order to include 

van der Waals interactions into the simulations.  A kinetic energy cutoff of 400 eV, for the plane-

wave basis set, and a (4×4×1) Monkhorst-Pack79 k-point mesh with a Gaussian smearing of 

0.05eV, was used in all cases. 

 The γ-Al2O3 (100) surface was modeled with a five-atomic-layer slab in the ideal spinel 

structure with an optimized lattice constant of 8.21 Å in a (2×2) surface supercell and the bottom 

two atomic layers fixed in their bulk positions. The β-SiO2 (111) surface was modeled with an 

eight-atomic-layer slab in an ideal cristobalite structure with an optimized lattice constant of 7.45 

Å in a (2×2) surface supercell and the bottom four atomic layers fixed in their bulk positions. 

Lastly, the graphite (0001) surface was modeled with a two-atomic-layer slab with an optimized 

in(out)-plane lattice constant of 2.46 (6.62) Å in a (5×5) surface supercell and the bottom atomic 

layer fixed. All repeating slabs with the adsorbate were separated by a vacuum of 10 Å. The 
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atoms in the slabs, except for those fixed in their bulk positions, were relaxed until the absolute 

values of forces were below 0.02 eV/Å. 

5. Supplementary Material 

 Tables with all the DNP results that are plotted in the main text.  This information is 

available free of charge on the ACS Publication Website. 
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