Ames Laboratory Accepted Manuscripts

Ames Laboratory

10-2017

Improved strategies for DNP-enhanced 2D 1H-X
heteronuclear correlation spectroscopy of surfaces
Takeshi Kobayashi
Ames Laboratory, tkobayashi@ameslab.gov

Frederic Perras
Ames Laboratory, fredericperras@ameslab.gov

Umesh Chaudhary
Iowa State University

Igor I. Slowing
Iowa State University and Ames Laboratory, islowing@iastate.edu

Wenyu Huang
Iowa State University and Ames Laboratory, whuang@iastate.edu
See next page for additional authors

Follow this and additional works at: http://lib.dr.iastate.edu/ameslab_manuscripts
Recommended Citation
Kobayashi, Takeshi; Perras, Frederic; Chaudhary, Umesh; Slowing, Igor I.; Huang, Wenyu; Sadow, Aaron D.; and Pruski, Marek,
"Improved strategies for DNP-enhanced 2D 1H-X heteronuclear correlation spectroscopy of surfaces" (2017). Ames Laboratory
Accepted Manuscripts. 17.
http://lib.dr.iastate.edu/ameslab_manuscripts/17

This Article is brought to you for free and open access by the Ames Laboratory at Iowa State University Digital Repository. It has been accepted for
inclusion in Ames Laboratory Accepted Manuscripts by an authorized administrator of Iowa State University Digital Repository. For more information,
please contact digirep@iastate.edu.

Improved strategies for DNP-enhanced 2D 1H-X heteronuclear
correlation spectroscopy of surfaces
Abstract

We demonstrate that dynamic nuclear polarization (DNP)-enhanced 1H-X heteronuclear correlation
(HETCOR) measurements of hydrogen-rich surface species are better accomplished by using proton-free
solvents. This approach notably prevents HETCOR spectra from being obfuscated by the solvent-derived
signals otherwise present in DNP measurements. Additionally, in the hydrogen-rich materials studied here,
which included functionalized mesoporous silica nanoparticles and metal organic frameworks, the use of
proton-free solvents afforded higher sensitivity gains than the commonly used solvents containing protons.
We also explored the possibility of using a solvent-free sample formulation and the feasibility of indirect
detection in DNP-enhanced HETCOR experiments.
Keywords

Dynamic nuclear polarization, Solid-state NMR, Heteronuclear correlation, Catalysis, Surface science
Authors

Takeshi Kobayashi, Frederic Perras, Umesh Chaudhary, Igor I. Slowing, Wenyu Huang, Aaron D. Sadow, and
Marek Pruski

This article is available at Iowa State University Digital Repository: http://lib.dr.iastate.edu/ameslab_manuscripts/17

Improved strategies for DNP-enhanced 2D 1H-X
heteronuclear correlation spectroscopy of surfaces
Takeshi Kobayashi,a Frédéric A. Perras,a Umesh Chaudhary,b Igor I. Slowing,a,b Wenyu,
Huang,a,b Aaron D. Sadowa,b and Marek Pruskia,b,*
a

Ames Laboratory, U.S. Department of Energy, Ames, Iowa, 50011, U.S.A.

b

Department of Chemistry, Iowa State University, Iowa 50011, U.S.A.

KEYWORDS Dynamic Nuclear Polarization, Solid-State NMR, Heteronuclear Correlation,
Catalysis, Surface Science.

1

Abstract

We demonstrate that the dynamic nuclear polarization (DNP)-enhanced 1H-X heteronuclear
correlation (HETCOR) measurements of surface species are better accomplished by using
proton-free solvents. This approach notably prevents HETCOR spectra from being obfuscated by
the solvent-derived signals otherwise present in DNP measurements. Additionally, in the
hydrogen-rich materials studied here, which included functionalized mesoporous silica
nanoparticles and metal organic frameworks, the use of proton-free solvents afforded higher
sensitivity gains than the commonly used solvents containing protons. We also explored the
possibility of using a solvent-free sample formulation and the feasibility of indirect detection in
DNP-enhanced HETCOR experiments.

Highlights

➢ DNP-enhanced 2D 1H-X HETCOR spectra of surface species were measured using
proton-free solvents.
➢ The approach eliminates solvent-derived correlation signals.
➢ In hydrogen-rich materials, the use of proton-less solvents improves the DNP
performance.
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1. Introduction
The inherently low sensitivity of solid-state nuclear magnetic resonance (SSNMR)
spectroscopy often prevents the detection of nuclei with low gyromagnetic ratio (γ) and/or low
natural isotopic abundance, such as

13

C and

15

N. The sensitivity woes are particularly

challenging in structural determinations involving measurements of two-dimensional (2D)
heteronuclear correlation (HETCOR) spectra. In solution-state NMR, an indirect detection of
low-γ nuclei via high-γ nuclei, in the HMQC and HSQC experiments,[1, 2] has been long used to
improve the sensitivity of HETCOR spectroscopy. The advent of fast magic-angle spinning
(MAS) enabled the introduction of similar concepts to SSNMR, with the so-called indirectlydetected HETCOR (idHETCOR) experiment.[3, 4] The significant sensitivity enhancement
afforded by idHETCOR widened the practical applications of 2D correlation spectroscopy in
natural abundance solids[5-7] and, in some cases, also enabled the observation of 2D spectra of
surface species.[4, 8] Further sensitivity gains are, however, required for examining small
surfaces, minute concentrations of species, or insensitive nuclei.
Dramatic sensitivity gains in NMR spectroscopy can be now provided by dynamic nuclear
polarization (DNP), which relies on irradiating paramagnetic dopants near their electron Larmor
frequency and subsequently transferring their magnetization to the nuclei. DNP offers potential
sensitivity gains of γe/γn, which corresponds to, for example, ~6500 for 15N, when compared to
conventional NMR techniques.[9-11] The last two decades have seen a series of breakthroughs
including advances in gyrotron technology[12, 13] and cryogenic magic angle spinning
(MAS),[14-16] as well as the introduction and systematic improvement of exogenous sources of
unpaired electrons (such as biradical polarizing agents),[17-21] which have together enabled the
extension of DNP-enhanced NMR spectroscopy to ever higher magnetic field strengths.[22]
These developments have provided a new, much needed, approach for the characterization of
3

challenging solids. In particular, the DNP-enabled, multidimensional correlation NMR
experiments can yield unprecedented structural and conformational details about the surfacebound species.[23-29]
In modern high-field DNP SSNMR, solvents are used to disperse the biradical polarization
agents within the sample.

The solvent can also facilitate the transport of hyperpolarized

magnetization from the radical source to the bulk of the observed nuclei by 1H-1H spin diffusion.
Unfortunately, the NMR signals from the solvent itself, and their correlations to the sample,
appear in the 1H-X HETCOR spectra, often obscuring the signals of interest and hampering the
signal assignment.[23, 24] An optimization of experimental parameters can suppress the solventsample correlation signals, often at the expense of sensitivity. Indeed, Yarava et al. successfully
mitigated the solvent-derived signal by using a short cross-polarization contact time.[30] They
also filtered out fast-relaxing solvent signals from slow-relaxing signals of a microcrystalline Lhistidine sample by inserting a spin lock precedent to a contact pulse. The suppression of solvent
1

H signals even enabled the acquisition of a DNP-enhanced high-resolution 1H-1H correlation

spectrum. This approach, however, requires that there is a sizeable difference in relaxation times
between the solvent and the sample, which is often not the case in non-crystalline samples in
which the sites on interest are located on the surface in intimate contact with the solvent. An
alternative approach to solvent suppression was recently presented by Lee et al. who used 2H-13C
dipolar recoupling in order to selectively attenuate the signals from deuterated glycerol found in
the “DNP juice” of importance in biological DNP-MAS NMR.[31] A careful choice of solvent
can also minimize signal overlap, leading to a higher discrimination of the solvent-derived
signals;[32] however, this approach requires a prior knowledge of the spectrum and can be
impractical for the characterization of unknown samples.
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The use of fully deuterated solvents, which is common in solution NMR, represents a desirable
approach, provided that (i) there is no H/D isotope exchange upon the use of deuterated solvents
and (ii) the material itself possesses a sufficiently high inherent proton population to
hyperpolarize the distant nuclei of interest via spin diffusion. In earlier DNP studies, partially
deuterated solvents were shown to lead to the highest enhancements.[33-36] Furthermore, Le et
al. reported that the use of a fully deuterated solvent (1,1,2,2-tetrachloroethane-d2, TCE-d2) did
not result in the decrease of sensitivity enhancement for the

13

C signals from microporous

polymers.[37]
Another promising approach for the removal of signals from the solvent is to simply use none.
For example, Takahashi et al. reported that a sample impregnated with a radical solution and
subsequently dried under vacuum, offered a reasonable enhancement for the

13

C signals of a

protein.[38] In that case, however, the addition of glucose was needed to prevent the aggregation
of radical molecules; leading once again to the presence of unwanted signals in the spectra.
Herein, we explore the feasibility of acquiring clean DNP-enhanced 1H-X (X =

13

C and

15

N)

HETCOR spectra of surface-bound species at natural abundance, by using protonless solvents or
no solvent at all. Two model systems were chosen for this investigation: mesoporous silica
nanoparticles functionalized with 3-(3-phenylureido)propyl groups (PUP-MSNs) and UiO-66type metal organic frameworks (MOFs) containing Pt2+ ions (Pt/UiO-66-NH2, see the Supporting
Information for synthesis details). The pores of the MSNs are sufficiently wide (~3.7 nm) to
allow for penetration of the biradicals into the nanoparticles, whereas in the case of MOFs the
magnetization can be only transported within the nanoparticles via 1H-1H spin diffusion (Fig. 1).
In both cases, the pores are sufficiently large to allow them to become filled by the solvent. We

5

also explored the feasibility of combining DNP with the idHETCOR experiment to further
improve sensitivity.

Fig. 1. Schematic sketches of (a) PUP-MSN and (b) UiO-66 MOF impregnated with 10 mM
aqueous solution of AMUPol. The figures accurately reflect the relative sizes of pores and
molecules; note that AMUPol cannot penetrate into the MOFs. Hydrogen atoms are omitted for
clarity.

2. Experimental
2.1. Samples Preparation.
2.1.1. PUP-MSNs.

6

PUP-MSNs were synthesized using a previously reported co-condensation method.[28, 39]
The surfactant was extracted by refluxing methanol in a Soxhlet extractor for 3 days. After
drying under vacuum at room temperature, the resulting product had the surface area = 519 m2/g,
pore volume = 0.59 cm3/g, and a narrow pore size distribution centered at 3.7 nm. Further details
about the synthesis and material characterizations are described elsewhere.[28, 39]
2.2.2. UiO-66-NH2 and Pt/UiO-66-NH2.
UiO-66-NH2 MOF was synthesized and purified as reported previously.[40, 41] Pt was loaded
by suspending the UiO-66-NH2 in an aqueous solution of K2PtCl4 for 20 h. The solid product
was separated by centrifugation, then washed with water, and dried under vacuum at 120 °C for
8 h (Pt/UiO-66-NH2). Further details were reported in our earlier study.[41]
2.2.3. Solid-state NMR experiments
The DNP-enhanced measurements were performed on a Bruker BioSpin DNP NMR
spectrometer, operated at 9.4 T (400 MHz), equipped with a gyrotron generating microwave
(MW) irradiation at 264 GHz. The experiments included one-dimensional cross-polarization
magic angle spinning (CPMAS) spectra of

13

C and

15

N (denoted as

13

C{1H} and

15

N{1H}

CPMAS), as well as two-dimensional (2D) through-space HETCOR spectra, detected via lowgamma nuclei (denoted at

13

C{1H} and 15N{1H} HETCOR) or 1H nuclei (1H{15N} idHETCOR,

where ‘id’ denotes indirect detection). A conventional 2D 1H{13C} idHETCOR[4] spectrum was
also measured using a Varian NMR System 600 spectrometer, operated at 14.1 T and equipped
with a FastMASTM 1.6-mm probe. The experimental parameters are given in the figure captions,
where νR is the MAS rate, τCP is the CP contact time, and τRD is the recycle delay. The NMR
chemical shifts are referenced to TMS (1H and 13C) and ammonia (15N).
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For the DNP measurements, samples were impregnated with 10 mM AMUPol[20] dissolved in
water (H2O, D2O:H2O (9:1), and D2O) or DMSO (DMSO, DMSO-d6/DMSO (9:1), and DMSOd6), packed in 3.2-mm sapphire rotors and spun at a temperature of ~100 K. The DMSO was
tested in the context of 1H-15N HETCOR measurements, to prevent potential deuteration of the
NH moieties of the PUP groups via H/D isotope exchange. Solvents deuterated to 90% were
tried as this is a common deuteration level used for DNP SSNMR measurements in biological
systems. The ‘solvent-less’ sample formulation involved impregnation of the PUP-MSN powder
with a 10 mM AMUPol solution in H2O followed by dehydration under vacuum at room
temperature. Lastly, the popular 16 mM solution of TEKPol[25] in TCE used in materials
science was trialed using fully deuterated, or protonated TCE. The samples are listed in Table 1
and will be referred in the following as samples 1-9.
3. Results and Discussion
Prior to the acquisition of 2D HETCOR spectra, we assessed the possible sensitivity penalty
that might be imposed on the DNP measurements by the departure from proton-containing
solvents as a result of diminished spin diffusion or changes in DNP build-up times. To this end,
we acquired the

13

C{1H} CPMAS and

29

Si{1H} CPMAS spectra of PUP-MSNs and MOFs to

measure the DNP enhancement factor , defined as the ratio of the signal intensities per scan
obtained with and without the microwave irradiation, as well as the relative sensitivity per unit of
time ()2/DNP, where DNP is the DNP build-up time, for several sample formulations.
The  and ()2/DNP values measured from the

13

C{1H} CPMAS spectra of PUP-MSNs are

listed in Table 1. Notably, the use of fully deuterated solvents did not inflict any noteworthy
sensitivity penalty. In fact, fully deuterated solvents provided higher  values than protonated
solvents (by 82% for water and 42% for DMSO), whereas the sensitivity per unit of time
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remained almost unchanged after taking into account the increased DNP time. We also note that
the

15

N{1H} CPMAS experiment on PUP-MSN with DMSO-d6 yielded a

15

N spectrum of

naturally abundant surface species within just a few min (Fig. S1 in Supporting Information). A
notable exception appears to be the TCE formulations for which solvent deuteration provided a
slightly lower sensitivity. In this case, however, the lack of DNP lengthening upon deuteration
suggests that the DNP process is limited by the T1 of the functional groups. Indeed, repeating the
same experiment on a bare MSN yielded nearly-identical sensitivities for both sample
formulations.

Table 1. DNP performance for PUP-MSNs prepared using different solvents.
sample

solvent

DNP a (s)

εb

ε2/DNP (s-1)

1c

H 2O

2.3

40

696

2c

D2O:H2O (9:1)

6.3

61

591

3c

D 2O

7.8

73

683

4c

DMSO

2.0

22

242

5c

DMSO-d6:DMSO (9:1)

5.0

24

115

6c

DMSO-d6

5.4

34

214

7c

solvent-less

5.4

8

12

8d

TCE

6.1

80

1049

9d

TCE-d2

6.8

65

621

a

The DNP build-up curve for the samples prepared using water as a solvent is biexponential; the number in the
table is the average build-up time. b The ε values were based on the intensities of 13C{1H} CPMAS spectra,
except for the solvent-less sample, where it was based on 1H and 29Si{1H} CPMAS spectra. c These solutions
were prepared with the AMUPol biradical in a 10 mM concentration. d These solutions were prepared with the
TEKPol biradical in 16 mM concentrations.

The improvement of sensitivity upon partial deuteration of solvents in biological systems has
been attributed to the reduction in the number of nuclei to polarize, while reductions in T1
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relaxation and spin diffusion rates of the 1H nuclei can be detrimental; obtaining a proper balance
between the two is generally important.[17, 33, 34] In the case of the PUP-MSNs used in this
study, if we assume that the pores are filled with D2O:H2O (90:10 v/v), a common deuteration
level used in biological DNP, the solvent supplies a proton concentration of ~7 mmol/g, which
amounts to only about 20% of protons within the pores (~28 mmol/g of protons is provided by
the PUP and silanol groups, see Supporting Information for details). Additionally, as already
mentioned, the pores of PUP-MSNs are large enough to accommodate the AMUPol molecule
and thus long-range spin diffusion is not needed. Consequently, the sample itself provides
sufficient proton concentration to mediate spin diffusion to the observed nuclei.
To demonstrate the impact of solvent protons on the quality of 2D HETCOR spectra, we
measured the DNP-enhanced 13C{1H} and 15N{1H} HETCOR spectra of PUP-MSNs (samples 13 in Table 1). As can be seen in Fig. 2a-c, the 13C projections of these spectra are very similar,
notwithstanding the small differences in relative peak intensities. However, the observed crosspeak patterns and 1H chemical shifts differ considerably. Notably, the spectrum measured using
H2O (sample 1, Fig. 2a), is dominated by solvent-related correlations. In spite of using 1H-1H
decoupling, all correlation signals are similarly elongated along the 1H dimension, featuring a
narrower common cross-peak with maximum centered at around δH ~ 8 ppm and a broad
underlying base, which extends to around 1 ppm. Although the resonance at 8 ppm matches the
chemical shift of aromatic protons in PUP, here we attribute it largely to 1H nuclei in amorphous
ice, whose chemical shift was reported in the same range and was further verified by the 1H
NMR spectrum of PUP-MSN with AMUPol in 100% H2O (dashed line in Fig. 2a).[42, 43] This
interpretation also accounts for the fact that these nuclei exhibit dominant cross-peaks with
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carbons C1, C2 and C3 in PUP (Fig. 2a). The broad base is ascribed to 1H nuclei in the network
of hydrogen-bonded silanol protons and the first monolayer of hydrogen-bonded water.[43, 44]
With the decrease of H2O content in the solution, the resolution in the 1H dimension was
improved and the correlation signals involving 1H spins in PUP became clearly identifiable. In
the spectrum obtained with 100% D2O as a solvent (Fig. 2c), only the cross-peaks representing
the PUP moieties are present. In comparing this spectrum to one taken using the idHETCOR
method on a conventional spectrometer at room temperature under 32 kHz MAS (Fig. 1d),
several points may be noted. Firstly, despite the use of frequency switched Lee-Goldburg
(FLSG) 1H-1H homonuclear decoupling[45] during the 1H evolution period, the 1H line widths
observed at 100 K are broader. Notwithstanding this broadening, however, the signal-to-noise
ratio of the DNP-enhanced spectrum (acquired >6 times faster) is much higher. Lastly, the 1H
chemical shifts of aliphatic protons in PUP are strongly influenced by temperature, most likely
due to the change of PUP conformation.
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Fig. 2. DNP-enhanced

13

C{1H} HETCOR spectra of PUP-MSNs impregnated with 10 mM

aqueous solution of AMUPol (samples 1-3, Table 1) (a-c), and conventional

1

H{13C}

idHETCOR spectrum of PUP-MSN (d). Spectra (a-c) were recorded at 100 K with R = 8 kHz;
τCP = 1 ms; τRD = 3 s (a), 8 s (b) and 10 s (c); FSLG 1H-1H homonuclear decoupling[45] during
t1; heteronuclear SPINAL-64[46] decoupling during t2; and total acquisition times of 13 min (a),
34 min (b), and 43 min (c). The same floor level was applied to spectra a-c to facilitate
comparison. Spectrum (d) was acquired at room temperature with R = 32 kHz, τCP = 0.5 ms,
τRD = 1 s, SPINAL-64[46] decoupling during t1 (1H) and t2 (13C), and total acquisition times of 4.5
h. In (a) a dashed line is used to show the 1D 1H MAS spectrum of the same sample, which is
dominated by the signals from ice.
The interferences from the solvents are also prominent in the 1H-15N HETCOR spectra of
samples 1, 3 and 6, shown in Fig. 3a, b and c, respectively. We have previously reported an
indirectly detected 1H{15N} spectrum of PUP-MSN taken on a conventional spectrometer,[7]
which yielded two cross-peaks attributed to nitrogens N4 and N6 and their associated protons
(we refer here to the PUP scheme shown in Fig. 1). For reference, in Fig. 3 we marked the
positions of cross-peaks from this earlier study with asterisks. Note that the asterisks match well
only with the spectrum obtained using DMSO-d6 as a solvent (Fig. 3c). In the spectrum obtained
with H2O (sample 1, Fig. 3a), the dominant cross-peaks correlate nitrogens N4 and N6 with
protons resonating at δH ~ 8 ppm, attributed to protons in amorphous ice (vide supra). Sample 3,
on the other hand, yielded a dominant signal between N4 and nearby methylene protons (Fig.
3b). The correlation signals at δH ~ 8 ppm represent the aromatic protons in PUP, whereas the
amide protons in NH moieties were significantly attenuated due to the H/D isotope exchange. A
spectrum with no interference from the solvent was finally obtained by using aprotic deuterated
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solvent, DMSO-d6 (Fig. 3c), in which the 1H-15N correlation signals appeared in their proper
positions.

Fig. 3. DNP-enhanced 15N{1H} HETCOR spectra of PUP-MSNs: (a) sample 1, (b) sample 3, and
(c) sample 6. The spectra were recorded with R = 8 kHz; τCP = 1 ms; and τRD = 2.5 s (a), 10 s
(b) and 7 s (c); and total acquisition times of 1.5 h (a), 5.7 h (b) and 4 h (c). FSLG 1H-1H
homonuclear decoupling and heteronuclear SPINAL-64 decoupling were applied during t1 and t2,
respectively.
To examine the practicality of using a solvent-free, or matrix-free, approach, we prepared an
AMUPol-doped PUP-MSN by evaporating the solvent (H2O) at room temperature under vacuum
(sample 7). The DNP-enhanced

13

C{1H} CPMAS spectrum of this sample showed an

enhancement factor  = 8 (Table 1). Perhaps higher enhancements can be achieved by optimizing
the radical concentration. The most likely, albeit unconfirmed, cause of the lower DNP effect in
this case is the agglomeration of biradicals within the pores due to their poor affinity to the
surface. We note that we have not observed any quantifiable loss of intensity per scan in the
spectrum of the solvent-free PUP-MSN acquired with the microwave irradiation turned off,
when compared to samples with solvents, suggesting that there is no increased quenching.[47]

13

Note that the affinity of the polarizing agent to the sample of interest can be improved by using a
“gluing agent” to better disperse the radicals in the dried sample, as indeed demonstrated in
biomolecular systems by Takahashi et al.,[38] who reported an  value of 10 in 13C{1H} CPMAS
spectra of adenosine using TOTAPOL. However, such a strategy introduces new undesired
resonances into the spectra.
To further test the utility of fully deuterated solvents, we acquired DNP-enhanced 13C{1H} and
15

N{1H} spectra of UiO-66-NH2 and Pt/UiO-66-NH2 MOFs. In both samples, the pores are too

small to accommodate the biradical molecules,[40] and thus the hyperpolarization has to be
delivered to the bulk of the ca. 100 nm crystallites via 1H-1H spin diffusion by the intrinsic
protons of the sample itself. In our earlier study of this system, we used a 10 mM solution of
TOTAPOL in H2O to acquire

15

N{1H} DNP CPMAS spectra and demonstrated that Pt2+

coordinates with two NH2 groups from the MOF and two Cl– groups from the metal precursor in
a square-planar arrangement.[41] Subsequent high-resolution

195

Pt experiments showed that

some complexes are partially hydrolyzed.[48] Here, we first use 13C{1H} CPMAS to assess the
effects of fully deuterated solvents by comparing the values of , DNP, and ()2/DNP between the
UiO-66-NH2 with 100% DMSO and 100% DMSO-d6 (Table 2). As expected, the observed 
values were lower than those for PUP-MSN (Table 1), because the signal enhancement in the
bulk of UiO-66-NH2 relies on the abovementioned ‘remote excitation’ by

1

H-1H spin

diffusion.[28,43] Surprisingly, the use of a fully deuterated solvent did not impose any sensitivity
penalty, with the relative sensitivity per unit of time being even higher than in DMSO.
Table 2.

DNP performance for UiO-66-NH2 with AMUPol dissolved in DMSO and DMSO-

d6.a
solvent

DNP (s)

ε

ε2/DNP (s-

14

1

)
DMSO
1.9
7
26
2.6
10
38
DMSO-d6
a
The parameters were estimated from 13C{1H} CPMAS spectra, in the same manner as those reported in
Table 1.

The DNP-enhanced 2D 15N{1H} HETCOR spectra of UiO-66-NH2 and Pt/UiO-66-NH2 MOFs
measured using DMSO-d6 are shown in Fig. 4. The spectra exhibit ‘clean’

15

N-1H cross peaks,

with no interference from the solvent, which are straightforwardly assigned to NH2 and
NH2Pt2+ moieties.[41] The HETCOR experiment also interestingly revealed a ~1 ppm 1H
chemical shift increase upon coordination to Pt, consistent with previous

1

H{195Pt}

measurements. We do not report the DNP enhancement values for these spectra, because their
acquisition without the microwave radiation is beyond the current capabilities of conventional
SSNMR; however, they should be equivalent to those measured using 13C NMR, see Table 2.

Fig. 4. DNP-enhanced

15

N{1H} HETCOR spectra of (a) UiO-66-NH2 and (b) Pt/UiO-66-NH2.

Both samples were impregnated with a 10 mM DMSO-d6 solution of AMUPol. The spectra were
acquired in 2 h and 50 min using R = 10 kHz, τCP = 2 ms, and τRD = 10 s. FSLG 1H-1H
homonuclear decoupling was used during the

1

H evolution period (t1) and SPINAL-64

decoupling was employed during the acquisition period (t2).

15

The absence of solvent protons invokes the possibility of combining the sensitivity advantage
of DNP with 1H-detection. Indeed, Yarava et al. demonstrated that the suppression of solvent
signals enabled the acquisition of DNP-enhanced 1H-1H correlation spectra.[30] In Fig. 5, we
show the DNP-enhanced 1H{15N} idHETCOR spectra of PUP-MSNs (sample 6) and UiO-66NH2, which were both obtained using the proton-free solvent (DMSO-d6). As expected, the
sensitivity is improved by the indirect detection scheme, by a factor of almost 2 in the case of
sample 6, and by 40% in UiO-66-NH2; however, the absence of 1H-1H homonuclear decoupling
during the acquisition period resulted in very poor resolution in the 1H dimension. Clearly, to
realize the full benefit of DNP-enhanced indirect detection, the experiment must be performed
under fast MAS.[49]

Fig. 5. DNP-enhanced 1H{15N} idHETCOR spectra of (a) PUP-MSNs (sample 6) and (b) UiO66-NH2. The samples were impregnated with 10 mM DMSO-d6 solution of AMUPol. The
spectra were acquired in 4 h (a) and 2 h 50 min (b), using R = 10 kHz, τCP = 4 ms (a) and 2 ms
(b), and τRD = 7 s (a) and 10 s (b). SPINAL-64 1H heteronuclear decoupling during t1 and CW
15

N heteronuclear decoupling during t2.

4. Summary
In summary, we have demonstrated that the use of proton-free solvents is a practical approach
to eliminate the solvent-derived correlation signals from the DNP-enhanced HETCOR spectra of
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materials. This methodology implies that there is no H/D isotope exchange with deuterated
solvents and relies upon the sample’s strongly coupled innate protons to mediate the spin
diffusion and hyperpolarize the targeted spins on the surface or in the bulk. In samples where
such networks of protons exist, the use of proton-free solvents yielded significantly improved 2D
HETCOR spectra with no loss in sensitivity. The sensitivity of DNP-enhanced HETCOR
experiments may be additionally improved by the application of a 1H-detected scheme,
especially if the resolution in the 1H dimension can be improved by fast MAS.
ASSOCIATED CONTENT
Supporting Information.
Estimation of protons concentration in PUP-MSNs.
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