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ABSTRACT: In magic angle spinning dynamic nuclear polarization
(MAS-DNP) experiments, paramagnetic species are often dispersed in
rigid glass-forming matrices such as glycerol/water mixtures, but their
modest glass-transition temperature (Tg) restricts the viable temper-
ature range for MAS-DNP. To expand applications of DNP at higher
temperatures, new matrices and physical insights are required. Here we
demonstrate that sorbitol, Tg ≈ 267 K, advantageously replaces
glycerol, Tg ≈ 190 K, to carry out DNP at higher temperature while
maintaining an identical 13C NMR spectrum footprint and thus
minimizing spectral overlap. DNP stops being effective in glycerol/
water at ∼180 K, but sorbitol/DMSO gives a significant enhancement
at 230 K with AsymPol-POK biradicals at 600 MHz/395 GHz. For the
first time, a simple analytical model is proposed that provides physical insights and explains the effect of biradical concentration, the
temperature dependence of the enhancement, the signal buildup times, and the enhanced signal-to-noise ratio. The model reveals
that electron spin relaxation is the limiting factor for high-temperature DNP in the case of AsymPol-POK. We showcase the efficacy
of this new DNP formulation on an intriguing chitin sample extracted from cicada exoskeleton which allowed for the recording of
rapid heteronuclear correlation spectra at 100 and 225 K.

Solid-state nuclear magnetic resonance (NMR) has
witnessed a breakthrough with the development of magic

angle spinning dynamic nuclear polarization (MAS-DNP).
DNP transfers the polarization from unpaired electron spins to
the surrounding nuclear spins, leading to unprecedented NMR
sensitivity.1−6 In modern MAS-DNP, unpaired electron spins
are provided by biradicals added as dopants to the targeted
samples.7−10 These biradicals are dispersed in a frozen, glass-
forming matrix that must be compatible with the target sample,
and DNP is carried out at 100 K on commercial systems.11,12

For optimal MAS-DNP, this glass-forming matrix must (i)
dissolve the biradical during its formation, (ii) preserve the
sample,13 (iii) have a high-enough glass-transition temperature,
Tg > 130 K, to favor long electron spin relaxation,14 (iv) be
transparent to the irradiation frequency used to drive the
electron spin transition,15 and (v) have limited NMR spectral
overlap with the signal of the targeted sample. Due to these
constraints, there are limited possibilities for systems that are
hydrophilic. While matrices composed of glycerol/water or
dimethyl sulfoxide (DMSO)/water are the go-to solutions for
MAS-DNP, their relatively low Tg < 170 K16 limits the
temperature range where MAS-DNP can be applied. MAS-
DNP experiments are often carried out at ∼100 K, requiring
high liquid nitrogen consumption,12,17−19 slow sample
spinning speed,11,19,20 and induced phase transitions/mobility
changes21−23 and/or limiting the spectral resolution for mobile
samples.21,22,24 The impact is particularly severe for some

biological samples, and it has been demonstrated that higher
temperature improves the resolution of biological sam-
ples.21,24−27 For these reasons, glass matrices and biradicals
able to generate a sizable MAS-DNP enhancement at higher
temperature should be actively studied.
We recently observed that α-chitin samples appear to be

undergoing dynamical changes in the temperature range from
180 to 230 K (vide infra), which triggered this work focused
on higher-temperature DNP. Potential matrices with higher
glass-transition temperatures, such as trehalose, ortho-
terphenyl (OTP), polystyrene, and sucrose octo-acetate, have
been reported in the EPR literature.14,28−31 They all have glass-
transition temperatures of Tg > 200 K,14,32 and thus some have
been used for DNP at temperature >200 K. OTP was first
shown to enable DNP up to room temperature for material
science applications,32,33 while trehalose enables DNP at 230 K
for biological applications.34 Unfortunately, these aforemen-
tioned matrices result in 13C NMR signals that often overlap
with signals from the target sample (so-called spectral
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crowding). For example trehalose and chitin overlap
completely, making the analysis challenging or else requiring
special pulse sequences or labeling to eliminate the unwanted
signals.35−37 In contrast, glycerol and DMSO have simple
NMR spectra that do not overlap significantly with other
biological samples, including carbohydrates,38 and have
therefore been the go-to solution for hydrophilic samples.6,39,40

D-Sorbitol (hereafter referred to as sorbitol) minimizes spectral
overlap while providing a relatively high Tg of 267 K41 as
compared to that of glycerol (Tg = 190 K).42 Sorbitol is a linear
polyol, like glycerol (Scheme 1), and it presents in the solid

state only two 13C NMR signals located at the same positions
as those of glycerol (∼70 and 62 ppm). The strong hydrogen-
bond network in the sorbitol enables a stiff glass and longer
electron relaxation times.14,30,31 To the best of our knowledge
and despite its simplicity, sorbitol has never been used as a
glassing agent for MAS-DNP until now.
In this Letter, we describe different formulations using

sorbitol for MAS-DNP. We also provide a rational analysis of
the DNP mechanism and sensitivity as a function of the
temperature. Sorbitol, combined with water or DMSO, can be
used as an efficient DNP matrix to carry out experiments at up
to ∼230 K and with a magnetic field of 14.1 T/395 GHz if it is
used with a polarizing agent that hyperpolarizes the nuclei
quickly such as the AsymPol family.43,44 We developed a novel
rate equation model to predict and analyze the DNP
performance of the formulation as a function of temperature.
The model, developed for AsymPols,45 provides new physical
insights into the temperature dependence of the enhancement
and the build-up times and quantitatively predicts the
evolution of the experimental signal-to-noise ratio. The
model reveals the role of biradical concentration and the
electron relaxation time in those fast-hyperpolarizing biradicals,
giving a pathway to improve the DNP at a higher temperature.
The merit of this sample formulation is demonstrated on chitin
extracted from cicada exoskeleton where variable-temperature

MAS-DNP enables us to observe dynamical changes as a
function of temperature via 1H−13C experiments. We report
for the first time high-resolution 13C−1H heteronuclear
correlation spectroscopy (HETCOR) on a biological sample
at ∼225 K under DNP conditions.
Results. Sorbitol is a polyol with a high melting temperature

of ∼368 K (95 °C) (see Scheme 1). Upon melting, it forms a
viscous solution that must be quickly cooled to form a glass.
Reducing the melting temperature and viscosity is required to
ease sample preparation. When sorbitol is mixed with a solvent,
the melting temperature decreases and a glass can be formed
under slow cooling conditions. An obvious solvent to achieve
this is water; however, the introduction of water can decrease
the Tg significantly,46 and good glass formulation may be
obtained only under a controlled atmosphere, as demonstrated
for trehalose (Scheme 1).34 Sorbitol/glycerol can form a good
glass41 but is not practical to use due to its high viscosity. To
ease the sample preparation, we settled on a simple
formulation of sorbitol/DMSO. This matrix has a more fluid
formulation for easier sample packing and enables our analysis
of the DNP mechanism as a function of the temperature.
To observe the changes in the chitin’s dynamics and

structure between 100 and 230 K, we first determined the
appropriate sorbitol/DMSO ratio mixture. To estimate the Tg
of a sorbitol/DMSO mixture, we tested the validity of the
Gordon−Taylor equation47 combined with the Simha−Boyer
rule.48,49 The resulting equation predicts the approximate Tg
for a polymer mixture50 but can be applied to some molecular
binary mixtures51

=
+
+

=T
wT k w T

w k w
k

T

T

(1 )

(1 )
,g

g g g

g

,1 ,2 ,1 1

,2 2 (1)

where w is the mass fraction of compound 1 and Tg,i and ρi are
the glass transition and density of compound i. The calculated
glass-transition temperatures for several relevant mixtures are
shown in Figure S1. Equation 1 reproduces semiquantitatively
the experimental results of the sorbitol/glycerol mixture41 and
trehalose/water52 and predicts the glass-transition temperature
of glycerol/deuterated water, with Tg ≈ 163 K for a glycerol/
D2O mixture (6/4 vol % or a glycerol mass fraction of 0.65,
Tg,gly = 190 K).16,41,53 Equation 1 predicts Tg ≈ 210 K for
sorbitol/H2O (8:2 mass %), assuming Tg,Hd2O ≈ 135 K,42 close
to the experimental value of ∼210 ± 4 K for (8:2 mass %).54 A
mass ratio of sorbitol/DMSO (8:2 mass %) would instead lead
to a glass-transition temperature of about 225 K (assuming
Tg,DMSO ≈ 150 K).42 To avoid the fast relaxation that
protonated DMSO methyl groups can generate, we replaced
DMSO with DMSO-D6, and the corresponding proton
concentration is [1H] = 50 M. In addition, to overcome the
limitation induced by high proton concentration,45,55 we used
the biradicals AsymPol-POK (ASP) and c-AsymPol-POK (c-
ASP)56 (see Scheme 1) which showed limited sensitivity to the
sample’s proton concentration.56,57 Both biradicals can be used
in fully protonated media without leading to a significant loss
of hyperpolarization capabilities, especially under a high
magnetic field, here 14.1 T.56 In addition, these biradicals
can hyperpolarize the medium very quickly45 and thus are less
sensitive to the intrinsic relaxation times of the samples58 (vide
inf ra).
The MAS-DNP performance as a function of temperature

was then carried out for two different c-AsymPol-POK
concentrations and for the two matrices, sorbitol/DMSO-D6

Scheme 1. Chemical Structure of the Biradical and Solvent/
Glassing Agents Used for MAS-DNP and (1 → 4)-Chitin
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([1H] = 50 M) and sorbitol/D2O ([1H] = 48 M). The sample
temperature was monitored by using KBr crystals coated with a
thin layer of clear nail polish at the bottom of the rotor. In a
fully packed rotor, the optimal μw irradiation power was low
(7−9 W), leading to suboptimal enhancements (ca. 50). This
correlated with a significant sample temperature increase (∼ 20
K, see SI), and we attributed this to the μw absorption of
polyols in the DNP range.59 Using our previously published
method,60 the dielectric constant at ∼395 GHz of a mixture of
sorbitol/water (1:1) was found to be n = 1.98 with k = 10−2.
We also observed in the case of the 10 mM AsymPol-POK in
glycerol-D8/D2O/H2O (6:3:1 vol %) that the enhancements
were reduced when adding coated KBr crystals from 80 to 67.
To minimize the sample absorption, we added crushed
sapphire crystal to the rotor (∼1/3 of the sample volume),61

which enabled using high μw irradiation power (∼15 W) and
more reproducible enhancement results.
The enhancement and buildup times at ∼110 and 230 K for

three samples are reported in Table 1. At ∼110 K, all matrix
compositions offer good enhancement, ∼ 70−90, similar to
glycerol/water mixtures.56 At 110 K, the biradical concen-
tration does not appear to influence the enhancement
substantially; however, it does at 230 K: for 5 mM biradical
concentration, the enhancement is lower in sorbitol/D2O as
compared to the sorbitol/DMSO-D6 with enhancements of ∼5
and 11, respectively. At 230 K, the enhancement is higher for
10 mM and reaches ∼19. These enhancements compare
favorably with state-of-the-art methods using trehalose,34 albeit
at higher magnetic field (14.1 T, vs 9.4 T) and using larger
rotors (3.2 vs 1.3 mm). For comparison, a 10 mM AsymPol-
POK solution in a glycerol/D2O (6:4 vol %) matrix is
completely inefficient above 180 K (see SI, Figure S2), which
agrees with previous work.21,62

The buildup times are longer for the sample with a biradical
concentration of 5 mM than for the sample with a 10 mM
concentration in the sorbitol/DMSO-D6 matrix. This is
observed at both ∼110 and 230 K and is consistent with
previous observations in glycerol/water mixtures.57 At 100 K,
the buildup time for the 5 mM sample in the sorbitol/D2O
matrix is shorter than that for sorbitol/DMSO-D6, and it is
even shorter than that for the 10 mM sorbitol/DMSO-D6
sample at 230 K.
To complete the picture, the temperature dependences of

the enhancement and buildup time are reported in Figure 1.
The normalized enhancement for the 5 mM samples has a
more severe temperature dependence as compared to that of
the 10 mM sample (Figure 1 (a)). The temperature
dependence of the 10 mM sample shows similarity with the
dependence observed for trehalose,34 indicating similarities in
the underlying physical process.
The steeper temperature dependence of the enhancement

for the sample with a 5 mM biradical concentration versus the
one that is 10 mM in sorbitol/DMSO-D6 indicates that a
biradical concentration of 5 mM is not as efficient to
hyperpolarize at higher temperature. This could be attributed

to faster proton relaxation that is not compensated for by the
CE mechanism. To confirm this hypothesis, the proton
relaxation time of an undoped sorbitol/DMSO-D6 and the
build-up times of doped samples were measured as a function
of temperature for all samples (see Figure 1 (b)). The nuclear
relaxation time in the undoped sample decreased from 75 to 25
s between 100 and 230 K. In parallel, the build-up time of the
sample with 5 mM follows the same trend and decreases from
4.5 to 2.7 s, while the build-up time in the sample with 10 mM
biradical is unchanged.
The build-up time behavior can be semiquantitatively

simulated using an analytical rate equation model that assumes
that the biradical transfers its polarization difference to the
protons on the biradical and to surrounding protons via the
cross-effect.45 In the case of AsymPol, we showed that the
cross-effect mechanism involves a direct flow of polarization

Table 1. Enhancement (ϵon/off and Buildup Time (TB) for Different Biradicals and Matrix Compositions

Sample ϵon/off, TB (s) at ∼110 K ϵon/off, TB (s) at 230 K

5 mM c-AsymPol-POK in sorbitol/DMSO-D6 (8:2) 88, 4.3 (113 K) 11.6, 2.8
10 mM c-AsymPol-POK in sorbitol/DMSO-D6 (8:2) 80, 1.6 (113 K) 19, 1.4
5 mM c-AsymPol-POK in sorbitol/D2O (8:2) 66, 3.5 (105 K) 4.7, 1.1
10 mM AsymPol-POK in glycerol-D8/D2O/H2O (6:3:1 vol %) 67, 1.8 (∼105 K) -

Figure 1. Evolution of the enhancement (top) and buildup time
(bottom) as a function of the sample’s temperature. Black circles, 5
mM c-AsymPol-POK (c-ASP) in sorbitol/DMSO-D6; red squares, 10
mM c-AsymPol-POK in sorbitol/DMSO-D6; and green hexagons, 5
mM c-AsymPol-POK in sorbitol/DMSO-D6. The buildup time of
undoped sorbitol/DMSO-D6 is indicated by the open blue circles.
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from the electron spins to the surrounding nuclei, and the
equations can then be simplified as (see the SI)

=
P

t
xR P P R P P

d
d

( ) ( )n
n e n n n B

solv

CE
solv solv

1,
solv solv

, (2)

where ΔPe is the electron spin polarization difference63−65 that
is transferred to the fraction, x, of solvent nuclear spins
surrounding the biradicals at a rate RCEsolv. The nuclear spins
undergo relaxation at a rate R1,nsolv and attempt to return to the
thermal equilibrium value, Pn,B. Among the assumptions, spin
diffusion is supposed to be fast compared to nuclear relaxation.
The solution to this equation is simply

=
+
+

+P t
xR P R P

xR R
( ) (1 e )n

e n n B

n

xR R tsolv CE
solv

1,
solv

,

CE
solv

1,
solv

( )nCE
solv

1,
solv

(3)

Using the determined cross-effect rate RCEsolv ≈ 15.8 s−1,45 the
fraction of solvent proton spins undergoing the cross-effect is x
= 1.6% for 5 mM, or 3.2% for 10 mM, and for the measured
relaxation time of the solvent 1/T1,n

Bulk = R1,nsolv, the model
predicts a buildup time of TB = 3.62 s at 113 K and TB = 3.15 s
at 230 K for the 5 mM sample. For 10 mM, it predicts TB = 1.8
s and TB = 1.66 s at 113 and 230 K, respectively. These
predicted values align remarkably well with the experiments
considering the numerous simplifications the model uses
(details in the SI). This indicates that the model captures most
of the underlying spin dynamics. Equation 3 confirms that for
the 5 mM sample the faster nuclear relaxation time is in part
responsible for the faster buildup times. The enhancements at
∼113 K can be reproduced with ΔPe (113 K)/Pn,B = 85 to
yield enhancements of ∼81 and 83 for 5 and 10 mM,
respectively, using eq 3. This model can be used to assess the
impact of the nuclear spin relaxation on the enhancements as a
function of temperature. If we assume that ΔPe/Pn,B is constant
at all temperatures by neglecting the changes in electron
relaxation times, then the predicted enhancements at 230 K are

+
+

xR P P R

xR R

(113 K)/ (230 K)

(230 K)

71(5 mM) and 76(10 mM)

e n B n

n

CE
solv

, 1,
solv

CE
solv

1,
solv

(4)

These values are much higher than the experimental values,
which means that ΔPe/Pn,B is not constant and the shortening
of the nuclear relaxation times is not the only source of
enhancement reduction.

ΔPe/Pn,B, the driver of the cross-effect mechanism, is the
result of a complex balance among the μw rotor events, the
dipolar/exchange rotor events, and the electron relaxation
times T1,e.

63,66 As shown in the Supporting Information, when
the dipolar/exchange rotor events are adiabatic, as it is mostly
the case with the AsymPols, it is possible to determine the
temperature dependence of ΔPe. Based on the estimations by
Thurber/Tycko65 of the average number of μw rotor events of
∼2 per crystal orientation, one can obtain

=

i

k

jjjjjjjjjjjjjj

i
k
jjj y
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e
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e

1,
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where τr is the rotor period, ϵμw is the Landau−Zener
adiabaticity probability58,63,65 and is a function of τr, and ωe/I

represents the Larmor frequencies of the electron and nuclear
spins. The temperature dependence of T1,e obtained via the
work of Eaton and Eaton on the temperature dependence of
nitroxide electron spin relaxation in the glassy state is
dominated by the Raman process14,28,30

=
i
k
jjjjj

y
{
zzzzz

T T

T T
T
T

( )

( )
e a

e b

a

b

n
1,

1, (6)

where n = −2, which gives the relative evolution of the electron
spin relaxation time in a glassy state as a function of
temperature.14,62 Equations 5 and 6 allows us to determine
T1,e (230 K) ≈ 0.2T1,e (113 K), which yields ΔPe/Pn,B (230 K)
≈ 0.1ΔPe/Pn,B (113 K) for 8 kHz and T1,e = 0.3 ms (see the
SI). Using these values, the predicted enhancements are

+
+

R x P P R

xR R

(230 K)/ (230 K)

(230 K)

14(5 mM) and 16(10 mM)

e n B n

n

CE
solv

, 1,
solv

CE
solv

1,
solv

(7)

in better agreement with the experimental values of ∼12 and
19.
Despite its simplicity, the model compares favorably with

the experiment (see Figure S4). It should be made clear,
however, that the enhancements predicted by eq 3 ignore the
effect of depolarization. Fortunately, AsymPols does not
depolarize significantly, which allows us to neglect this
factor.43,56 All in all, the model shows that the main reason
for the decay of the enhancement arises from the reduction of
ΔPe/Pn,B, and a minor contribution comes from the changes in
the nuclear relaxation times, which has more impact on the 5
mM samples than the 10 mM sample.
The viability of MAS-DNP at a higher temperature generally

relies on the signal-to-noise ratio (SNR) of the experiment.
Here, the evolution of the SNR as a function of temperature is
shown in Figure 2 for the 10 mM sample. The normalized
SNR without μw, SNRoff (T), has a weak temperature
dependence, while the SNR under μw irradiation, SNRon

Figure 2. Evolution of the signal-to-noise ratio (SNR) as a function of
temperature for 10 mM c-AsymPol-POK in sorbitol/DMSO-D6. Solid
black triangles correspond to μw off, and red circles, to μw on. Dotted
lines correspond to eq 8 (open black triangles with dashed lines), eq 9
(red open circles with dashed lines), and eq 10 (closed red circles and
red solid line). For normalization, the reference temperature was Tref
= 113 K.
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(T), decreases more rapidly. The SNR temperature depend-
ence can be quantitatively predicted. The NMR signal
intensity, S, is proportional to the product of the nuclear
spin polarization dependence with temperature, Pn,off (T) ∝ 1/
T, and the square root of the quality factor, Q, of the radio

frequency circuit of the probe Q : S T( ) Q T
T
( ) . Note that

the variation of Q over 100 to 230 K (∼20%) is modest and
thus negligible. The noise in the radio frequency circuit is given
by +T kT NFnoise( ) p , where NFp is the preamplifier
noise figure, which has an equivalent temperature of Tp ≈ 120
K (for ∼1.5 dB). This leads to

+
T

T T T
SNR ( )

1
( )p

off 0.5
(8)

The μw on SNRon(T) can be simply deduced as

+
T

T T T
SNR ( )

( )p
on

on/off
0.5

(9)

Using eqs 4 and 5, the relative SNRon for the 10 mM sample
is given by
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The corresponding normalized curves are reported in Figure
2. The temperature Tref = 113 K was chosen as a reference
point for normalization. Equations 8, 9, and 10 have very good
agreement with the experiments. Equation 10, combined with
eqs 5 and 6, can predict for the first time the behavior of the
experimental SNRon and the sensitivity of the MAS-DNP
experiment.

To verify the viability of high-temperature MAS-DNP,
DMSO-D6/sorbitol combined with AsymPol was subsequently
used to enhance the spectra of a biomaterial, α-chitin,
extracted from the cicada exoskeleton. As changes in the
spectra occur within the temperature range of 180−230 K, this
requires the use of an appropriate glass matrix to carry out
multidimensional experiments in natural abundance. 13C NMR
signals of α-chitin usually appear as single NMR resonances for
the carbons forming the carbohydrate backbone.67−69 How-
ever, at 100 K there are three resolved 13C resonances for the
C4 (∼80 ppm) and three resolved 13C resonances for the C6
(∼62 ppm) carbon (see Scheme 1). This observation
contradicts previous room-temperature reports. The sample’s
temperature may impact the dynamics, and at higher
temperature, the signals become simpler. As shown in Figure
3 (a) and (b), the 13C CPMAS NMR spectra of chitin indeed
change in the temperature range of 225 to 100 K. Unlike
previously reported 13C NMR spectra, the 225 K spectrum
shows two clearly resolved resonances for the carboxyl carbon
and the C6 (∼62 ppm) carbon instead of one resonance for
each. This is observed in both neat and impregnated chitin
(see SI, Figure S5). As the temperature is decreased, additional
13C resonances begin to appear for each of these carbon sites.
The chitin sample is challenging to hyperpolarize at 100 K.

After optimization, a modest enhancement of ∼19 at 106 K
(see Figure 3 (a)) was obtained with a buildup time of 1.6 s
(fitted with a monoexponential) and an optimal 16 W of μw
irradiation power at the probe base. The modest enhancement
is explained by the fast 1H relaxation time in the pure chitin
(T1,n

chitin (100 K) ≈ 5 s), which may be due to the methyl group
dynamics. An enhancement is maintained at up to 225 K with
a factor of 6 to 7 (see Figure 3 (b)) with a build-up time of 1.1
s (fitted with a monoexponential) and an optimal μw power of

Figure 3. (a) 13C CP NMR spectra of the cicada chitin at ∼106 K (blue is μw on at ∼100 K; black is μw off). (b) Same at ∼225 K (red is μw on at
∼215 K; black is μw off). (c) DNP enhanced heteronuclear correlation of chitin at 106 K (blue) and 225 K (red). The 225 K spectrum is shifted to
the right for the sake of clarity. The asterisk represents one of the sorbitol signals.
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12 W. The drop in enhancement from 113 to 225 K is
consistent with the one observed for the 10 mM sample. Note
that, as commonly observed for samples with μm scale
thickness,70,71 a biexponential fit is more appropriate to
capture the slower component that represents ∼30% of the
polarization buildup (see SI, Figure S6). The time savings
obtained via DNP and accounting for the loss of sample
volume with the sapphire particles amounts to factors of ∼200
and ∼20 at 100 and 230 K, respectively.
Figure 3 (c) shows 1H−13C HETCOR MAS-DNP for α-

chitin. At the optimal sensitivity, this enabled recording the
HETCOR spectra at 106 and 225 K in under 28 and 72 min,
respectively. The HETCOR reveals not only changes in the
13C spectra but also changes in the 1H spectra. Each 13C signal
relates to a distinctive 1H resonance. To the best of our
knowledge, these low-temperature 13C spectral features of
chitin have not been observed before; a detailed analysis of the
spectra will be the subject of a subsequent publication.
Discussion. All in all, sorbitol/DMSO or other sorbitol

mixtures should be considered to be new tools to carry out
MAS-DNP experiments at temperatures higher than 100 K.
Through a new and simple model, we provide for the first time
a quantitative analysis of the temperature dependence
enhancement, the build-up time, and the SNR as a function
of temperature. From these equations, we decorrelated the
impact on the enhancement of the biradical from the impact of
the nuclear relaxation time. The signal-to-noise ratio analysis
showed that raising the temperature will always yield lower
SNR by up to a factor of >3 when going from 100 to 300 K,
and the reduction of the enhancement with increasing
temperature is a challenge to overcome. As shown through
the analytical model, the limiting factor for DNP at high
temperature in our 10 mM samples is solely the fast electron
relaxation times and not the combination of phase memory
time and electron relaxation times33 and/or nuclear relaxation
times.62 At a lower concentration, 5 mM, the nuclear relaxation
times contribute to the reduction of the enhancement as well.
Longer electron relaxation times and concentration ≥10 mM
are key to unlocking the potential of higher-temperature DNP
to favor both larger ΔPe(T) and x. As such, the use of
heterobiradicals72−75 with longer relaxation times30 and high
solubility could yield higher enhancements only if the
electron−electron couplings are strong as in the case of
PyrroTriPol or TEMTriPols.72,73,75−77 For material science
applications, higher enhancement at 230 K was indeed
obtained with HiTEK-2 at 18.8 T but using 95% deuterated
OTP and a 1.3 mm rotor. Our work demonstrates that for a
successful application in a protonated medium strong
electron−electron coupling (or a lower magnetic field
instrument)45 will be required to favor large xRCEsolv, and we
anticipate that the high solubility of such a radical will be
essential.73 This also points out that small rotors are required
to favor high-temperature DNP as better cooling and higher
electron spin nutation can be obtained.60,7878

To illustrate the viability of sample preparation with the
sorbitol mixture, we applied it to one of nature’s most
abundant macromolecules. A sample of α-chitin was used to
illustrate the ability to carry out MAS-DNP experiments at up
to ∼225 K on biological systems. We expect this matrix to have
much broader interest, especially for biological applications.
The ability to raise the temperature while maintaining high
sensitivity may enable higher-resolution DNP on biological
samples21,62 if adequate sample preparation allows it. It can

also be used to analyze the dynamic properties of samples as a
function of temperature under MAS-DNP conditions and
extend the application of experiments such as SCREAM
DNP.79−81

Finally, these matrices could enable efficient DNP with more
moderate cooling requirements (in the range of 120−200 K),
thereby cutting down on nitrogen consumption. In our
experiments (not shown), this temperature can be reached
with a single cold gas flow, as in conventional solid-state NMR
instrumentation. This less stringent condition would enable
higher spinning frequencies79−81 that allow some recoupling
pulse sequences, minimize spinning sidebands, and also
provide better performance for the 0.7 and 1.3 mm DNP
probes.82,83 Finally, less nitrogen consumption would enable a
lower running cost for MAS-DNP instruments, which may
further the uptake of the technique, particularly outside of
academia.
Sorbitol-based matrices have already illuminated the

dynamic structure of chitin at 100 and 200 K, with minimal
spectral overlap. Other systems can also benefit from this
matrix, and it has the potential to lower DNP operational costs.
Therefore, we believe that sorbitol-based matrices will be an
important tool in the DNP technique toolbox.
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