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Dynamic nuclear polarization can be used to hyperpolarize the bulk of proton-free inorganic materials in
magic angle spinning NMR experiments. The hyperpolarization is generated on the surface of the mate-
rial with incipient wetness impregnation and from there it is propagated towards the bulk through
homonuclear spin diffusion between weakly magnetic nuclei. This method can provide significant gains
in sensitivity for MAS NMR spectra of bulk inorganic compounds, but the pathways of the magnetization
transfer into the material have not previously been elucidated. Here we show how two-dimensional
experiments can be used to study spin diffusion from the surface of a material towards the bulk. We find
that hyperpolarization can be efficiently relayed from surface sites to multiple bulk sites simultaneously,
and that the bulk sites also engage in rapid polarization exchange between themselves. We also show evi-
dence that the surface peaks can exchange polarization between different sites in cases of disorder.

� 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Solid-state NMR is routinely used to obtain information about
the atomic level structure and properties of both organic and inor-
ganic materials. The application of NMR can sometimes be limited
by low sensitivity, caused by low concentration or low gyromag-
netic ratio of the magnetically active nuclei. This is especially true
in cases where the material does not contain protons, as it elimi-
nates the possibility of increasing sensitivity by cross-
polarization (CP). Additionally, many rigid solids have spin-lattice
relaxation times that are long, which further limits sensitivity.

Dynamic nuclear polarization (DNP) enhanced magic-angle-
spinning (MAS) NMR using incipient wetness impregnation has
been demonstrated to provide improvements in sensitivity for a
range of solid materials [1–3]. Most commonly, the target material
is wetted with a frozen solution of a radical which serves as the
polarizing agent. The large polarization of the unpaired electrons
is primarily transferred from the exogenous polarizing agent to
nearby protons with microwave irradiation at the EPR frequency.
From there, spontaneous 1H-1H spin diffusion propagates the
hyperpolarization throughout the frozen solution and into the tar-
get, provided the target material is proton-containing. This process
is referred to as polarization relay. The hyperpolarization can then
be transferred to less sensitive nuclei, such as 13C and 15N, by CP
[4–6]. Relayed DNP based on 1H-1H spin diffusion has, for example,
been used to characterize pharmaceuticals, measure domain sizes
in materials, and determine the structure of crystalline nanoparti-
cles [7,8]. When the substrate does not contain protons, as is often
the case for inorganic solids, the hyperpolarization generated by
incipient wetness impregnation DNP is focused at the surface of
the material, resulting in DNP surface enhanced NMR spectra
(DNP-SENS) [9].

We recently introduced a method to hyperpolarize the bulk of
proton-free inorganic materials using DNP, resulting in consider-
able sensitivity enhancements in solid-state MAS NMR experi-
ments [10,11]. This is achieved by generating or transferring
hyperpolarization to weakly magnetic nuclei at or near the surface
of the material [9] and then allowing homonuclear spin diffusion to
transport the hyperpolarization into the bulk of the material.
Homonuclear spin diffusion between nuclei such as 31P and 119Sn
is considerably slower than that of protons, mainly due to low con-
centration of magnetically active nuclei and low gyromagnetic
ratio. Furthermore, the already weak dipolar interactions are fur-
ther averaged out under MAS. Since the first-order homonuclear
dipolar Hamiltonian of a many-spin network (i.e. three or more
spins that are not colinear) is homogeneous, diffusivity is approx-
imately proportional to mr�1, and is only truly zero in the limit
where the MAS rate tends to infinity [12,13]. On the other hand,
when nuclear T1 relaxation rates are long, as is often the case for
rigid solids, even slow spin diffusion can efficiently transfer hyper-
polarization from surface to bulk. We have demonstrated this for
119Sn spectra of SnO2, 31P spectra of GaP, 113Cd spectra of CdTe
and 29Si spectra of SiO2 (a-quartz), with gains in overall sensitivity

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmr.2020.106888&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jmr.2020.106888
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jmr.2020.106888
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr


Fig. 1. Schematic representation of possible hyperpolarization transfer pathways
from three surface sites (S1, S2 and S3) to bulk (B). S3 has the same chemical shift as
the bulk. (A) Only transfer from S3 to B. (B) Transfer from all three surface sites to
bulk. (C) Exchange between all three surface sites, and transfer from S3 to B. (D)
Transfer between all sites in the system.

Fig. 2. (A) DNP enhanced 31P CP spectra of Sn2P2O7 acquired as a function of sm. (B)
1H-31P CP surface spectrum, and direct 31P bulk spectrum of Sn2P2O7. (C) 31P peak
areas for the surface and bulk sites as a function of time. The solid lines are fits to
the data based on an exchange model as described in the text.
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of up to a factor 85 so far, corresponding to an acceleration in
acquisition times by a factor of over 7000. These materials, how-
ever, all have only a single isotropic chemical shift in the bulk. As
such, the question remains of how hyperpolarization may be
relayed through distinct surface and bulk species: is the transport
of hyperpolarization into the bulk carried across different bulk spe-
cies on distinct hyperpolarization transfer pathways, and is the net
accumulation of polarization site dependent?

Fig. 1 shows a schematic representation of four different trans-
fer paths. The dominance of specific hyperpolarization transfer
pathways and polarization ratios of bulk sites that differ from unity
might be anticipated due to numerous site-specific factors which
modulate the rate of spin diffusion. Large chemical shift differences
are expected to slow down spin diffusion, roughly as the inverse
square of the difference between the isotropic chemical shifts but
with significant additional modulation by homonuclear J-coupling,
chemical shift anisotropy, the relative orientation of anisotropic
principal axis systems (including those of nuclei to which the site
is coupled), all further complicated by rotational resonance effects
introduced by MAS [14,15]. The analysis is entirely nontrivial and
differences in accumulated polarization can be readily envisaged.

Here we extend the method of hyperpolarization by relay from
the surface to compounds that have more than one isotropic chem-
ical shift in the bulk. We make use of two-dimensional experi-
ments to probe hyperpolarization transfer pathways into the
bulk beginning at the surface for the 119Sn nuclei of SnO2 and the
31P nuclei of GaP, Sn2P2O7 and K4P2O7. We find that hyperpolariza-
tion can be efficiently relayed from surface sites to multiple sites in
the bulk simultaneously, even when chemical shift differences are
relatively large. We also see that polarization of the bulk sites
exchanges rapidly between sites and polarization from multiple
surface sites can be relayed simultaneously into bulk. In addition,
we show evidence that disordered surface sites can exchange
polarization between themselves.

2. Experimental methods

Solid-state NMR spectra were collected on a 9.4 T Bruker
Avance III spectrometer coupled with a 263 GHz gyrotron micro-
wave source [16]. The spectra were collected at a MAS rate of
8 kHz and a temperature of around 100 K using 3.2 mm sapphire
rotors and a low-temperature MAS DNP probe. For efficient spin
locking during cross-polarization, a 100 kHz rf field amplitude
2

was applied on the X channel unless otherwise specified. The 1H
rf field amplitude was ramped up from 90% during CP to improve
polarization transfer efficiency. Presaturation pulses were used
on both 1H and X channels in all experiments. See SI for further
details.

Sn2P2O7 (abcr), SnO2 (abcr) and K4P2O7 (Sigma Aldrich) were
ground by hand and GaP flakes (abcr) were crushed in a mixer mill
with a stainless-steel ball. The resulting micrometer sized particles
(see SEM images in SI) were impregnated with a 16 mM solution of
TEKPol [17] in 1,1,2,2-tetrachloroethane (TCE) [9,18]. The formula-
tion ratio was 30–55 mg of powdered solid to 10 lL of radical solu-
tion, depending on the solid. Tin pyrophosphate was heated at
250 �C overnight before impregnating. To improve DNP enhance-
ments, the packed samples were deoxygenated by rapid freezing
and subsequent thawing by three insert-eject cycles [19,20].

DMFIT was used for spectral deconvolution [21].
3. Results and discussion

3.1. Hyperpolarization relay from the surface

3.1.1. 31P spin diffusion in tin pyrophosphate
We begin our investigation of relay into multiple bulk sites by

considering tin pyrophosphate, Sn2P2O7. The material has a tri-
clinic crystal structure with two distinct bulk phosphorous sites
[22], leading to a 31P MAS spectrum showing two distinct signals,
at �11.6 ppm and �15.4 ppm, occurring in a 1:1 ratio [23]. To
monitor the transport of 31P magnetization, the powdered solid
is impregnated with a radical containing solution and hyperpolar-
ization is generated on protons in the wetting phase by continuous
microwave irradiation. Hyperpolarization is then transferred to 31P
nuclei near the surface of the tin pyrophosphate particle with
cross-polarization. After CP, a flip-back storage pulse puts the 31P
magnetization along the z direction, where spontaneous 31P
homonuclear spin diffusion may transport magnetization between
different phosphorous species during a delay sm. A final 90� pulse



Fig. 3. (A) DNP enhanced 2D SD CP-EXSY pulse sequence used to monitor spin
diffusion from surface to bulk. (B) Contour plots of DNP enhanced 2D 31P CP spin
diffusion spectra of Sn2P2O7 showing only the region of the centerband. The grey
dashed lines are at the chemical shift of the two bulk peaks.
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then puts the magnetization back in the transverse plane before
acquisition [10]. Fig. 2A shows such DNP enhanced 1H-31P CP spec-
tra of Sn2P2O7, acquired at 8 kHz MAS and 100 K, collected for dif-
ferent values of sm. We see that for sm = 0 only the surface is
polarized, yielding a broad spectrum extending from around -
10 ppm to about -30 ppm. There is almost no signal from the bulk,
as can be seen in the comparison shown in Fig. 2B, where the
1H-31P CP surface spectrum is compared to the direct 31P bulk spec-
trum of Sn2P2O7. In line with previous observations on materials
with only one bulk species, we then see that when sm is increased,
the bulk signal intensity increases, while surface signals concomi-
tantly diminish. Fig. 2C shows the integrals of the surface and bulk
sites, from which we see that the total signal volume diminishes in
a way consistent with longitudinal relaxation, implying the bulk
sites have picked up enhanced polarization from the surface sites.
This result unambiguously demonstrates that the transfer of polar-
ization from the surface to the two bulk sites occurs sponta-
neously, and that they are polarized on the same timescale.
However, this experiment does not provide sufficient information
to infer many details about the relevant polarization transfer
pathways.

This kind of hyperpolarization relay has been simulated previ-
ously using numerical models based on diffusion [8,10]. The diffu-
sion model assumes that the transfer of polarization behaves like a
thermal diffusion process, and it contains spatially juxtaposed
components: typically a hyperpolarization source, and a target
which gets hyperpolarized by relay. These models are very power-
ful tools to determine the spatial arrangement of different compo-
nents [7,24,25]. However, in many inorganic solids, not only can
there be a separation on the spin diffusion length scale between
surface sites and the bulk, but there is often also frequency separa-
tion in the spectra between magnetically inequivalent sites that
are neighbors on the atomic scale. In these cases, setting up a full
spatial model of the system is not straightforward, and is not nec-
essarily required if the objective is to characterize the overall rates
of flow of magnetization between the different chemical shifts. To
address this problem here, we use a simplified kinetic model to
approximate the dynamics.

In a simplified model, where a surface and bulk peak are in
exchange, the peak volumes can be fit to the modified Bloch equa-
tions for a two-site exchange [26,27]:

ð1Þ

dVS

dt
¼ Veq

S � VSðtÞ
T1;S

� kSBVS tð Þ þ kBSVB tð Þ ð2Þ

dVB

dt
¼ Veq

B � VBðtÞ
T1;B

þ kSBVS tð Þ � kBSVB tð Þ ð3Þ

where t is time; VS and VB are the instantaneous volume magnetiza-
tions of the 31P nuclei at the surface and in the bulk, which are pro-
portional to the integrated signal intensities; kSB and kBS are the
observed exchange rate constants; T1 are the spin lattice relaxation
rates; and Veq are the equilibrium volume magnetizations (at t = 1)
of the surface and bulk. In the CP experiment used here, phase
cycling is such that the magnetization decays to 0, Veq = 0.

We use this model to fit the curves shown in Fig. 2C, assuming
that the two bulk sites are one site (since they have the same
growth). The observed rate constants obtained from the fits are
kSB = 0.09 s�1 and kBS = 0.01 s�1 (see SI for details). While the
microscopic interpretation of the observed rate constants in terms
of spin flip-flops is not straightforward, they do provide a conve-
nient way to quantify the overall flow of hyperpolarization from
surface to bulk and the polarization exchange between the differ-
3

ent sites in the spectra, which is the question addressed here.
The observed rates do not directly correspond to spin diffusion
rates between the different regions of the sample, which can only
be extracted (in principle) using constitutive models taking into
account the detailed geometry of the samples [24].

The 31P hyperpolarization transfer pathways from surface to
bulk can alternatively be probed in with a two-dimensional exper-
iment in the manner of classic exchange spectroscopy [28–30]. In
the DNP enhanced 2D CP EXSY experiment, shown in Fig. 3A, the
effect of spin diffusion during the mixing period, sm, is to create
off-diagonal intensities when magnetization is transferred to 31P
sites with chemical shifts that differ from the original species. An
unusual aspect of this application of exchange spectroscopy is that
the initial condition is very far from equilibrium, since the surface
is hyperpolarized. Therefore, the flow of polarization will not be
equal in both directions, and the 2D experiment primarily contains
information about the forward (i.e. surface to bulk) direction of
magnetization transfer, and leads to 2D spectra that are highly
asymmetric.

The 31P 2D exchange spectra for tin pyrophosphate are shown
in Fig. 3B. As expected, when the mixing time is 0 s, all the spectral
intensity lies along the diagonal. For a 1 s mixing time, the polar-
ization that was generated on the surface is now flowing into the
bulk sites, resulting in significant off-diagonal intensities. In agree-
ment with Fig. 2C, the spectra indicate that the relatively broad
range of surface shifts exchange with both of the bulk peaks on
similar timescales. The spectrum with the longest mixing time
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shows how after a spin diffusion period of sm = 25 s, all of the
polarization that was on the surface has now diffused into the bulk.

In addition, the off-diagonal intensities between the surface res-
onances close to the bulk resonances in the spectrum appear faster
than the off-diagonal intensities between the bulk and the surface
resonances furthest away from bulk (-5 and �25 ppm). This sug-
gests either that the rate of transfer to bulk is slower as the chem-
ical shift difference increases, or that there is a relay step through
surface sites having resonances closer to the bulk (see Fig. S1).

We note that only a handful of homonuclear surface to bulk cor-
relations in inorganic materials have been reported previously, for
example in the context of nanoparticles or battery materials
[31,32].
3.1.2. 119Sn spin diffusion in tin dioxide
Efficient hyperpolarization of the bulk 119Sn atoms in SnO2 was

shown previously [10,11]. Here we look into the mechanism of
relay from surface to bulk in the same way as for tin pyrophos-
phate above. The DNP enhanced 119Sn surface spectrum of SnO2

is shown in Fig. 4A. The surface spectrum of SnO2 is characterized
by three notable peaks corresponding to different sites. These sig-
nals can be observed in hydroxylated SnO2 nanosheets and have
been assigned to different atomic layers [33]. The bulk-like 119Sn
is at �604 ppm (B) and the first and second atomic layer, respec-
tively, were assigned chemical shifts of �585 ppm (S1) and
�618 ppm (S2). We note that the samples under consideration here
are micrometer sized particles.

The 119Sn 2D spectra of SnO2 with a mixing time of 0 s do not
have any cross peaks, as expected (see SI). With a sm = 1 s, the pres-
Fig. 4. 119Sn spectra of SnO2 recorded at 9.4 T and 100 K. (A) DNP surface enhanced
CP-MAS 119Sn spectrum of SnO2. B) Contour plots of DNP enhanced 119Sn spin
exchange spectra of SnO2 with different mixing times. The grey dashed lines are at
the chemical shifts of the bulk and the two surface sites.

4

ence of off-diagonal intensity shows that spontaneous 119Sn-119Sn
spin diffusion is present. Compared to spin diffusion between 31P
nuclei, 119Sn-119Sn spin diffusion is considerably slower (notably
because the natural abundance of 119Sn is 8.6%), and it takes longer
for all of the surface hyperpolarization in SnO2 to transfer to site B,
corresponding to the bulk of the material.

As each of the surface sites in SnO2 has a relatively well defined
chemical shift range, it is possible to look at how the different sites
exchange with the bulk. As an example, the region corresponding
to transfer from surface site S1 to bulk is more intense than the
peak for bulk to surface S1 transfer. This expected due to the pre-
dominantly forward transfer of surface hyperpolarization into the
bulk of the SnO2 particles due to the strong non-Boltzmann polar-
ization gradient established near the particle surface.

This can be analyzed in more detail with the kinetic model
introduced above, this time with three sites, as shown in Fig. 5A.
The model considers reversible exchange between all three sites,
represented by six rate constants, k. Additionally, the model takes
into account three relaxation rates, R (where R = 1/T1), one for each
site. The total kinetic rate matrix can be written as

L ¼
- k12þk13ð Þ-RS2 k21 k31

k12 - k21þk23ð Þ-RB k32
k13 k23 - k31þk32ð Þ-RS1

2
64

3
75 ð4Þ

To find the rate constants representing the observed transfer
between the different sites, the integrated areas, I, from the two-
dimensional spin diffusion spectra can be fitted to the following
matrix equation:

I smð Þ¼ V0eLsm ð5Þ
Fig. 5. (A) The three-site exchange model used to describe exchange between one
bulk site and two surface sites. (B) 2D spectrum marked with the first-order
pathway of relay for each peak. (C) Volume integrals of the diagonal and cross peaks
from the 2D 119Sn spectra of SnO2 as a function of mixing time, sm. The solid lines
are the results of the best fit of the data to the multisite exchange model described
in the text.



Fig. 6. DNP enhanced 31P spectra of GaP. (A) Surface (1H-31P CP) and bulk 31P
spectra of GaP. (B) Contour plots of DNP enhanced 31P spin exchange spectra of GaP
with different mixing times. The vertical dashed line is at the chemical shift of the
bulk. C) Cross-sections taken along the dotted line in (B) parallel to x1 from the 31P
spin exchange spectra of GaP at different mixing times. The full width at half height
D½ of the cross peak located around �148 ppm is reported on the right.
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where V0 is proportional to the volume magnetization before
exchange [30,34].

The graphs in Fig. 5 show the volume integral as a function of
mixing time for each of the peaks in the 2D 119Sn-119Sn spectra
(see Fig. S4 for spectra). In general, the intensity of the observed
cross peaks first increases as a function of mixing time and then
decreases at longer sm due to spin-lattice relaxation. The diagonal
peaks start off at the initial state of the magnetization, before spin
diffusion, and they decrease as a function of mixing time as mag-
netization diffuses away from the site on which it originated.

The observed rate constants of transfer from surface to bulk
extracted by fitting the peak volumes to the kinetic model
(k12 = 0.08 s�1 and k32 = 0.05 s�1) are higher than the observed rate
constant of back-transfer to the surface from the bulk
(k21 = 0.0001 s�1 and k23 = 0.01 s�1). The cross peaks between sur-
face site S1 and surface site S2 are of low intensity, but the curves
do show the expected characteristic behavior, and we find
observed k13 = 0.06 s�1 and k31 = 0.003 s�1 (see SI for details). This
suggests that direct communication between the two surface sites
occurs on a similar timescale as transfer to the bulk.

The apparent asymmetry in the observed rate constants (i.e.
k12 – k21) can be rationalized by the difference in the volume of
the surface (lower volume) and bulk (higher volume). The micro-
scopic forward and reverse spin exchange steps should have the
same probability in both surface and bulk, but in the low volume
of the surface part, a given transfer step is much more likely to lead
to transfer to bulk than the reverse process. We note that the
asymmetry in the spectra observed here require a difference in
the forward and backward rate constants to be explained. This is
not the same as asymmetry induced purely by non-equilibrium
starting conditions [35,36].

The spin-lattice relaxation rates extracted from the model are
RS1 ’ RS2 ’ 0.01 s�1 and RB ’ 0 s�1is not surprising considering that
the longest mixing time is 120 s, and the build-up time of the bulk
has been measured to be over 600 s at 8 kHz MAS rate. We also
note that there are some systematic errors in the fit (notably for
diagonal peak B and cross-peak B ? S1) which might slightly affect
the accuracy of the determination but which will not alter the
overall conclusions.

3.1.3. 31P spin diffusion in gallium phosphide
We previously also showed how hyperpolarization from a broad

range of surface shifts around the single 31P bulk resonance of gal-
lium phosphide, GaP, was transferred into the bulk by relay [10].

Fig. 6B shows contour plots of DNP enhanced 2D 31P spin diffu-
sion spectra of GaP with different mixing times. These spectra indi-
cate two different surface sites (Fig. 6A) transferring
hyperpolarization into the bulk, which has a chemical shift of
�148 ppm, on a timescale of around 10 s. The off-diagonal intensi-
ties representing surface transferring to bulk are observable within
one second, and all of the surface polarization has been relayed
from both surface sites to the bulk GaP after sm = 10 s. No cross
peaks corresponding to bulk going back to surface are observed
in these spectra.

Fig. 6C shows cross-sections from the 2D spectra, taken parallel
to x1. Each cross section contains a diagonal peak centered on the
surface resonance at around �5 ppm. It decays monotonically as
the mixing time is increased, as polarization is transferred to a
region centered at �148 ppm. However, most interestingly, the
linewidth of the cross peak at�148 ppm changes significantly with
the length of the spin diffusion period, going from over 20 ppm
when sm = 1 s to less than 8 ppm at sm = 20 s. This unambiguously
indicates that some of the surface polarization that starts at �5
ppm is first transferred to other surface sites in the range �130
to �170 ppm, before then being further transferred to the bulk at
�148 ppm (see also Fig. S3).
5

3.2. Exchange between bulk sites

After looking into the relay process from surface to bulk, we
shift the attention to polarization exchange between two or more
different bulk sites in the same compound. The approach for study-
ing this is well established and has been used before in the context
of spin diffusion [14], the main difference here being that the initial
condition for the 2D experiment is prepared with the pulse cooling



Fig. 7. (A) Pulse sequence used in the bulk-bulk 2D spin diffusion experiment. (B)
Contour plots of the DNP enhanced 31P CP spectra of Sn2P2O7 showing bulk
exchange. (C) 31P spectrum of neat (not impregnated) K4P2O7 above the DNP
enhanced 31P CP two-dimensional spectrum of K4P2O7 showing bulk exchange.
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[10] method. This DNP enhanced variant of the conventional EXSY
pulse sequence is shown in Fig. 7A. Bursts of cross-polarization
repeatedly hyperpolarize the surface of the particle, and the polar-
ization moves towards the bulk during a spin diffusion delay sz,
building up with the number of CP contacts. The advantage of
using this strategy rather than direct excitation of the X nucleus
is that it can provide higher signal-to-noise ratio for the bulk. Fol-
lowing the preparation of the initial condition, the pulse sequence
continues as shown in Fig. 7A with a 2D exchange experiment as
described previously for the surface to bulk transfer. After the mix-
ing period, sm, the absence or presence of an off-diagonal intensity
will determine whether there is exchange/spin diffusion between
the two bulk peaks.
3.2.1. 31P spin diffusion in tin pyrophosphate
Fig. 7B shows that polarization transfer between the two bulk

sites in tin pyrophosphate happens on the order of a few seconds.
In this case, a two-site exchange model where we assume kAB = kBA
can be used to determine the observed rate of transfer:
IAA
IAB

¼ 1þ expð�2ksmÞ
1� expð�2ksmÞ ð6Þ

The ratio of intensities for the diagonal peaks, IAA, and cross-
peaks, IAB, are 1.98 and 1.94, giving an observed exchange rate con-
stant of around k = 0.11 s�1. In this case, there is no observable
back-transfer to the surface.
6

3.2.2. 31P spin diffusion in potassium pyrophosphate
Another example of this is shown for the 31P spectrum of potas-

sium pyrophosphate, K4P2O7 (Fig. 7C), which has five isotropic
chemical shifts over a range of around 5 ppm [37]. This compound
has a 31P longitudinal relaxation rate of >400 s and, as before, the
pulse cooling strategy is used before the mixing period, in order
to increase sensitivity.

Cross peaks between the bulk sites in the DNP enhanced 2D
bulk exchange spectrum in Fig. 7C are apparent between all the
bulk sites (one of the cross peaks is not shown in the contour plot
as it is too close to the noise), as well as with the prominent slow-
relaxing surface peak at around �1.5 ppm. This indicates that even
if the surface hyperpolarization were only channeled into one of
the bulk resonances, the rest of the bulk sites would also become
hyperpolarized by relay, as the bulk resonances exchange with
each other on a timescale that is shorter than the relaxation time
of the compound.

4. Conclusions

We have shown how two-dimensional spin diffusion experi-
ments can be used to study the pathways of polarization exchange
between weakly magnetic nuclei in inorganic materials. In partic-
ular, we focus on magnetization transfer from surface sites to bulk
under MAS, even in the presence of significant chemical differ-
ences. We show this with the 31P spectra of Sn2P2O7, GaP and
K4P2O7, and the 119Sn spectra of SnO2. We found that polarization
can be transferred from a range of surface sites with different
chemical shifts to other surface sites, and to one or more bulk sites
on the same time scale.
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