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Spin Thermometry: a Straightforward Measure of Millikelvin Deuterium Spin Temperatures Achieved by Dynamic Nuclear Polarization

Abstract

Dynamic nuclear polarization of samples at low temperatures, typically between 1.2 and
4.2 K, allows one to achieve spin temperatures as low as 2 mK, so that for many nuclear isotopes
the high-temperature approximation is violated for the nuclear Zeeman interaction. This leads
to characteristic asymmetries in powder spectra. We show that the lineshapes due to the
guadrupolar couplings of deuterium spins present in virtually all solvents used for such
experiments (‘DNP juice’) allows the quick yet accurate determination of the deuterium spin
temperature or, equivalently, the deuterium polarization. The observation of quadrupolar
echoes excited by small flip-angle pulses allows one to monitor the build-up and decay of the

positive or negative deuterium polarization.
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Dissolution Dynamic Nuclear Polarization (D-DNP) allows one to boost the sensitivity of
magnetic resonance by about four orders of magnitude:*= roughly two orders of magnitude can
be gained by lowering the sample temperature from 300 to ca. 3 K, and two further orders of
magnitude can be gained by partially saturating the EPR transitions of polarizing agents
(radicals) such as TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl) by microwave
saturation of their ESR transitions. In a static field of Bo = 6.7 T, the polarization of protons can
be boosted to P(*H) > 90%, while cross-polarization®! from abundant protons to dilute nuclei
such as '3C can vyield polarizations P(*3C) > 70 % in ca. 10 minutes, corresponding to a spin
temperature Tspin(*3C) < 2 mK. The hyperpolarized samples can be rapidly dissolved** and
transferred to NMR or MRI systems. Suitable precautions must be taken to preserve the

polarization.1?13

To optimize D-DNP experiments, the nuclear spin polarization P(S), or, equivalently, the spin
temperature Tspin(S), must be determined twice, both before and after dissolution, ideally by
independent methods. Prior to dissolution, this is usually done by comparing the signal
intensities of protons or low-gamma nuclei S obtained with and without DNP for 1.2 < Tsample <
4.2 K, where the spectra of amorphous frozen solids are very broad, typically 100 kHz for *H and

2H, and 50 kHz for 13C.

After dissolution, one can likewise compare signal intensities of protons or low-gamma nuclei S
in solution, either boosted by DNP or obtained at thermal equilibrium after complete relaxation.
The latter signals are many orders of magnitude weaker than the former, so that extensive
signal averaging is often required. A more efficient alternative consists in measuring the

asymmetries of doublets due to homo- or heteronuclear scalar couplings after dissolution.*’

This work presents an alternative approach to determine the deuterium polarization P(?H) (or
equivalently, the deuterium spin temperature Tsin(?H)) in the frozen solid prior to dissolution,
by detecting the asymmetry of quadrupolar doublets of deuterons in partly deuterated samples.
Following widespread practice, our frozen sample (“DNP juice”) contains 60% ethanol-ds, 30%
D20, 10% H>0 and 40 mM TEMPOL. Ethanol-de, glycerol-ds, or DMSO-de prevent the formation

of ice crystals that are deleterious for DNP. Note that all deuterated constituents of such frozen
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mixtures have roughly the same quadrupolar splitting. Methyl groups do not rotate freely below
4.2 K (although methyl groups can undergo fast rotational tunneling in some cases such as
gamma-picoline),!® so that the quadrupolar couplings of most deuterated methyl groups are not
reduced by averaging. There is therefore no need to add any specific molecules that contain

deuterium.

Because of extensive dipole-dipole couplings, the proton spectra of such amorphous frozen
solids have broad shapes with linewidths on the order of 100 kHz. These lineshapes can become
asymmetric at very low spin temperatures, and the sign of the asymmetry changes with the sign
of the spin temperature, e.g., after inversion by a 180° pulse.'>?° However, it appears difficult to
determine the precise spin temperature from the analysis of the asymmetry of such broad
lines.’>21-23 Marohn et al.?* detected asymmetric quadrupolar satellites in optically detected
’1Ga NMR and could assess the polarization level of its nuclear spin S = 3/2 from the asymmetry
of the satellites. On the other hand, well-resolved dipolar Pake patterns can be observed in *H
NMR of water molecules that are isolated in suitable matrices such as crystals of barium
chlorate monohydrate.>>~2% As we shall discuss in a separate paper, the spin temperature of the
protons in such isolated water molecules can be lowered by DNP after suspending the

crystallites in a solution of radicals prior to freezing.

It has recently been observed?® that deuterium spectra of amorphous frozen solids reveal Pake-
like powder patterns determined by the quadrupole interaction. In a static field of Bo = 6.7 T, at
spin temperatures Tyin(?H) below ca. 10 mK, these patterns are asymmetrical because of the
violation of the high-temperature approximation, provided that the coherences are excited with
small flip angle pulses. As we shall demonstrate in this Letter, the asymmetry of the Pake-like

powder patterns allows one to determine the spin temperature.

The asymmetry of such 2H spectra is reminiscent of similar effects observed in frozen doubly
N-labelled N,0.3° The °N spectra feature four partially overlapping Pake-like patterns that
depend not only on the dipole-dipole couplings between the two **N nuclei, but also on the CSA
tensors and their relative orientations. A careful analysis allowed the determination of an

absolute polarization P(*’N) = 10.2 % after 37 h of microwave irradiation, without recording a
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time-consuming spectrum in thermal equilibrium.3° An alternative method has been proposed3?
to measure the polarization P(*H) by monitoring separately the Zeeman order S; and the two-

spin order 21,5, (I = *H, S = 13C) under magic-angle spinning conditions at 35 K < Tsample < 45 K.

Our method based on the observation of 2H spectra of frozen deuterated mixtures only depends
on the quadrupolar coupling that is roughly the same for most frozen solvents. The asymmetry
of the 2H spectra discussed in this Letter is reminiscent of the work by Andersen et al.,> who
compared the intensities of two lines in nuclear quadrupole resonance (NQR) of 27| that can be

split by a weak Zeeman effect.

The use of rf-pulses with small flip angles is dictated by the necessity to preserve the
hyperpolarization as it builds up under microwave irradiation.'>2333 Small flip angle pulses have
revealed asymmetries in proton spectra at very low spin temperatures.?®% It is well known that
the use of 90° pulses completely destroys the hyperpolarization. We performed numerical
simulations of these effects on a first-order quadrupolar pattern associated with 2H (spin / = 1),
which is common constituent of ‘DNP juice’. The simulated spectra shown in Figure 1(a) were
obtained by Fourier transformation of free induction decays excited by ideal excitation pulses
with the rf carrier placed in the center of the quadrupolar doublets, assuming that receiver
could be activated immediately after an rf pulse. The nutation angle f was incremented from 9

to 171° in steps of 9° (from bottom to top). The initial state corresponds to a fully polarized / = 1

spin, where only the |1,+1> state is populated (Tspin(2H) = 0 K). For 8 < 20° one obtains only

|1, +1> < |1, 0> coherences, so that the powder pattern comprises only one of the two “lobes” or
“cusps” of the Pake pattern. When the flip angle approaches 180°, one obtains only the
complementary lobe that is due to |1,—1> < |1, 0> coherences. As expected, a symmetrical Pake

pattern is obtained when f = 90°, due to the uniform excitation of both single-quantum
coherences, regardless of the initial population distribution. At the same time, a 90° pulse leads
to the equalization of the populations of all three spin states and therefore destroys the
hyperpolarization. Figure 1(b) shows the density matrices and energy level diagrams

corresponding to the single-transition spectra shown in blue in Fig. 1(a). The quadrupolar
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parameters for 2H were assumed to be Cq = 170 kHz and 7q = 0.3* The 2H chemical shift

anisotropy was ignored for simplicity.

Figure 2 shows experimental H spectra obtained with quadrupolar echoes3*3 excited by a 18°-
7-18°-7- sequence combined with phase-cycling in the manner of Exorcycle3® in order to select
the coherence transfer pathway®’ p = 0 — p = +1 — p = —1. Although such small-angle
guadrupolar echoes do not achieve complete refocusing of either linear or quadratic
inhomogeneities —which is best achieved by using a refocusing pulse?*?°> with = 90° — they
result nonetheless in reasonably undistorted lineshapes that are much easier to interpret than
those produced by a pulse-acquire approach.?® Furthermore, and more importantly, echoes
allow one to remove possible background signals — which are particularly detrimental when
observing *H — and remove distortions due to acoustic ringing of the coil.?”?%3839 The use of spin
echoes has proven successful for the acquisition of undistorted inhomogeneous lineshapes in
static solid samples, even when only very weak rf-field strengths are available.?® The black
spectrum in Fig. 2 was acquired without microwave irradiation at Tspin = Tsample = 1.3 K (in liquid
helium at 158 Pa) and results in a symmetric quadrupolar pattern. After the microwave
irradiation is switched on, a progressive asymmetry of the lineshape builds up, revealing the
lowering of the spin temperature (Tspin << Tsample), OF, equivalently, the build-up of a
hyperpolarized state. As expected, the signal-to-noise ratio also improves as Tspin decreases. The
highest polarization achieved in this series is shown in blue (Tspin = 3.5 mK) whereas spectra

obtained at intermediate spin temperatures are shown in grey.

Our sample contains a variety of deuterated groups like CD3, CD, and OD of ethanol-ds (60%)
and D20 (30%). Nonetheless, a single well-defined Pake pattern is obtained in these
experiments, indicating that, in the absence of motional narrowing, the quadrupolar parameters
are very similar in different molecular environments, at least within the homogeneous linewidth
of ca. 7 kHz. This is also true for the isotropic chemical shifts and isotropic parts of the second-
order quadrupole coupling of ?H that typically span ca. 10 ppm (ca. 0.44 kHz at Bo = 6.7 T).%°
Numerical fits of the ?H lineshape acquired without microwave irradiation produced Cq = 170

kHz, 770 = 0 and a line broadening of 7 kHz, in remarkable agreement with those of isolated ?H,0
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molecules trapped in solid barium chlorate reported by Long et al.>* The broadening may be due

in part to homo- and heteronuclear dipolar couplings.

The Boltzmann polarization P(/) of a nuclear spin | with a spin temperature Tspin(/) is usually

defined as:
P(1)=tanh| 7, By /(2K Ty (1)) ] 1)

where y is the gyromagnetic ratio and 1/(kBT|) is the inverse spin temperature. If these

populations obey a Boltzmann distribution, as they should when in equilibrium with a thermal
reservoir at a spin temperature Tsin(/), the density operator peq for a spin I = 1, neglecting the

2
unobservable identity operator, can be concisely expressed as p,, = P(I)IZ + P(I ) 12

Prq =tanh| iy, By /(2K Ty (1)) |1, +tanh?| 2y, By /(2K T, (1) 17 2)

This density operator can be considered as initial condition for simulations of any spin dynamics
by means of the usual Liouville-von Neumann equation p(t) = U(t)p(0)U(t)?, with p(0) = peq for

any arbitrary spin temperature.

Figure 3(a) shows an experimental hyperpolarized ?H spectrum analogous to Fig. 2. The striking
asymmetry of the two horns of the pattern is highlighted by a blue arrow. Figure 3(b) shows a
series of spectra simulated for different values of the polarization P(*H), assuming 18°-7-18°-7-
quadrupolar echoes with realistic rectangular rf pulses (v1= 50 kHz) combined with Exorcycle.3®
The simulated spectrum that best reproduces the asymmetry observed in (a) is shown in blue,
corresponding to a spin temperature Tspin(H) = 3.5 mK, which amounts to a polarization P(*H) =
29 %. These simulations show that the absolute deuterium spin temperature and polarization
can be determined with an accuracy of ca. £0.5 mK and + 4 %, respectively. Clearly, the use of
echoes with small flip-angle pulses allows one to acquire undistorted deuterium lineshapes of
hyperpolarized samples. If the conditions for thermal mixing are fulfilled, different isotopes
should have the same spin temperature, e.g., Tspin(*3C) = Tspin(*H), provided one does not employ

cross polarization. Thermal mixing should prevail if the target molecules dissolved in the DNP
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juice are isotopically enriched in 3C to facilitate *3C -3C spin diffusion and if the 13C nuclei are
abundant enough so that the electron-spin couplings are efficient.*! In contrast to other DNP
mechanisms which can be described by isolated electron-nucleus spin pairs (Overhauser and
solid effects) or by a system comprising two electrons and one nucleus (cross effect), thermal
mixing is more conveniently described by a thermodynamic model.*? This occurs for high radical
concentrations so that dipolar electron-electron couplings broaden the EPR lineshape
homogeneously. The TEMPOL concentration of 40 mM utilized in this study is similar to the
doping used by Guarin et al.*! for investigations of DNP enhancements in the thermal mixing

regime.

In order to extract the spin temperature Tspin from a lineshape analysis of such asymmetric
deuterium spectra, a numerical fit assuming quadrupolar echoes S 7f-7- combined with
Exorcycle acting on peq(Tspin) Of Eq. 2 needs to be performed. This ultimately means that the
main parameter to be optimised is peq(Tspin). Other parameters such as the quadrupolar coupling
constant Cq, the asymmetry 7q and homogeneous linewidth can be easily estimated from
symmetric lineshapes obtained with similar 90°-90°- - echoes on the same sample, either with
or without DNP. Figure 4 shows that a more straightforward estimate of the spin temperature
may be obtained by simply evaluating the ratio of the peak heights of the two ‘horns’ of the
Pake pattern. The asymmetry of the quadrupolar powder pattern can be expressed by the ratio
(Imax—Imin)/lmax, Where Imax and Imin are the peak heights of the high- and low-frequency ‘horns’.
The ratios shown in Fig. 4 were obtained by varying one parameter at the time while leaving all
others at their optimal value. The asymmetry of the peak heights in the experimental spectrum
of Fig. 3a is indicated by a horizontal dashed line in Fig. 4. The parameters Cq and 77q can be
easily estimated prior to DNP as discussed above; they not only affect the asymmetry of the two
wings of the powder pattern but also alter the splitting between the horns. The rf-field
amplitude and the homogeneous linewidth have little effect on the estimates of Tspin. The

(conservative) estimate £0.5 mK of the confidence range is indicated by horizontal dashed lines.

Figure 5 shows typical build-up profiles of the integrals of 2H signals under microwave

irradiation. A positive enhancement is induced by saturation of the low-frequency lobe of the
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EPR line of TEMPO at 187.9 GHz, i.e., of the part of the EPR spectrum that upon saturation leads
to a positive enhancement of the nuclear transitions. The top panel of Fig. 4 indicates how the
microwave frequency and amplitude are switched. When the frequency vuw drops to zero, this
means that the microwave source is turned off. A single echo excited by a 18°-718°-7- echo
sequence was acquired in each case, since a complete four-step phase cycle cannot be carried
out while the polarization builds up. As a result, ideal refocusing of quadrupolar and shift
interactions was not achieved in these spectra, thus resulting in somewhat distorted patterns.
Nonetheless, the integrals over the powder patterns suffice for the purpose of monitoring the
evolution of the hyperpolarization as it builds up over time. The subsequent interruption of the
microwave irradiation leads to a loss of hyperpolarization due to a gradual return to the
Boltzmann equilibrium at Tsompre. The microwave frequency was then shifted to 188.3 GHz, i.e.,
to the high-frequency lobe of the EPR line, resulting in cooling towards negative spin
temperatures. Profiles acquired at Tsampe = 1.3 and 4.0 K, combined with frequency switching at
different times to take the different time scales of the build-up curves into account, are shown
by continuous and dashed black lines, respectively. The gain in signal-to-noise obtained by

lowering the temperature of the sample is evident.

In conclusion, we have investigated the quadrupolar lineshapes due to ?H nuclei in a typical
frozen DNP juice. The asymmetry of experimental hyperpolarized powder patterns, observed in
the presence of microwave irradiation by means of small flip-angle quadrupolar echoes
combined with phase-cycling, is in very good agreement with simulations. Quadrupolar echoes
excited by small flip-angle pulses do not destroy the hyperpolarization and yield undistorted
powder patterns in hyperpolarized solid samples. The comparison of experimental and
simulated lineshapes allows one to determine the absolute spin polarization or, equivalently,
the absolute spin temperature of the deuterium nuclei. If the conditions of thermal mixing are
fulfilled, the spin temperatures of different nuclei such as °Li, 3C, °N, 31P, etc., should be equal

to the spin temperature Tspin(*H) of the deuterium nuclei.
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Experimental Details

All experiments were conducted in a Bp = 6.7 T prototype polarizer designed by Bruker with
Larmor frequencies w(*H) = 285.3 MHz and w(?H) = 43.8 MHz. A home-built broadband double
resonance 'H-X D-DNP probe?® was used where the X channel can cover a range of nuclei from
5N to 2Na, i.e., from 28.9 to 75.5 MHz at 6.7 T, without removing the probe from the cryostat.
This probe uses a horizontal solenoidal coil to generate a homogeneous rf B; field. Unlike most
conventional setups that have at least a few capacitors outside the polarizer for the fine
adjustment of tuning and matching, the complete rf circuit is immersed in the low-temperature

cryostat inside the polarizer.

The sample (“DNP juice”) of 300 ul contained 60% ethanol-ds, 30% D,0, 10% H,O and 40 mM
TEMPOL. The microwaves are provided by an ELVA-1 source coupled to a Virginia Diodes (VDI)
frequency doubler. Frequency modulation was achieved with a saw-tooth waveform with a
modulation frequency of 1 kHz to cover a bandwidth of 200 MHz to saturate a significant
fraction of the EPR spectrum. For positive polarization, the central microwave frequency was set
to 187.9 GHz. For negative polarization, the central frequency was set to 188.3 GHz while all

other parameters were kept constant.

The rf carrier was set in the center of the quadrupolar powder pattern. The rf-field amplitude
for deuterium pulses was 11 = 50 kHz, corresponding to flip angles =18, 27 and 36° for pulse
lengths 7, = 1, 1.5 and 2 us, respectively. With the exception of the build-up curves of Fig. 4,
where only single echoes were acquired, the /-7 echoes were phase cycled to select the p =
0 = p = +1 — p = -1 coherence pathway3’ using a four-step phase cycle3® so as to i) eliminate
acoustic ringing and ii) refocus both linear shielding and quadratic first-order quadrupolar
interactions that would otherwise result in distorted lineshapes.*® The refocusing time was 7=
15 us and delays between subsequent echo sequences were varied between 30 and 500 s. A
train of 100 pulses was applied to saturate the 2H nuclei with 1, = 5 us (= 90°) spaced by 100 us

prior to all experiments.

10
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All simulations of NMR spectra were calculated with Simpson** and involved powder averaging
over 4180 crystallite orientations sampled with the ZCW scheme.*™*’ Ideal pulses were
assumed in the simulations of Fig. 1 whereas rectangular pulses with finite rf amplitudes were
utilized for the simulations of the exorcycled echoes of Fig. 3. An input file is given in Supporting

Information.
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Figure 1 (a) Numerical simulations of first-order quadrupolar lineshapes of 2H spins in a powder

with isotropically distributed crystallites, obtained by Fourier transformation of simulated free induction
decays (without any delay between excitation and observation) excited by a single ideal pulse applied in
the center of the quadrupolar powder patterns, with variable nutation angles £ acting on a fully
polarized initial state where only the ground state is populated (Tsin(2H) = 0 K). A quasi-pure single-
transition spectrum is obtained for < 20°, corresponding to one of the two ‘lobes’ or ‘cusps’ of the Pake
pattern. For 160° < < 180°, the other lobe is favored, while for = 90° one obtains a superposition of
two symmetrical lobes. The relevant parameters were Cq = 170 kHz and 7q = 0, whereas the anisotropic
chemical shift was neglected. (b) Density matrices and energy level diagrams for the bottom and top
(blue) single-transition spectra of (a).
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Figure 2 Experimental 2H spectra of a sample consisting of 300 ul of 60% ethanol-ds, 30% D0,
10% H,0 and 40 mM TEMPOL, obtained with an exorcycled S (-7 quadrupolar echo with = 18°in a
field Bo = 6.7 T where w('H) = 285.3 MHz and w(*H) = 43.8 MHz. After activating the microwave
irradiation for a duration 7., a progressively more pronounced asymmetry of the quadrupolar ‘Pake
pattern’ is obtained as the polarization builds up. For sensitivity reasons, the black spectrum without
microwave irradiation was acquired by averaging 16 echoes at Tsampe = 4.0 K with = 36° (7, = 2 us). All
other spectra were acquired at Tsompre = 1.3 K as a function of the duration of the microwave irradiation
7w = 30, 60 and 500 s by averaging only 4 phase-cycled echoes with f=18° (7, = 1 us).
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Figure 3 (a) Hyperpolarized experimental 2H spectrum shown in blue in Fig. 2. The asymmetry
between the ‘horns’ of the quadrupolar ‘Pake pattern’ is highlighted by a blue arrow. (b) Numerical
simulations assuming different spin temperatures Tsin. The case that agrees best with the experiment of
(a) is highlighted in blue, corresponding to Tspin = 3.5+ 0.5 mK or P(/,) =29 +4 %.
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Figure 4 Asymmetry of simulated hyperpolarized 2H quadrupolar powder patterns expressed as

(Imax—Imin)/Imax, Where Inax and Inin are the peak heights of the high- and low-frequency ‘horns’ of Pake
patterns obtained by numerical simulations of 18°-7-18°-7- quadrupolar echoes combined with Exorcycle
for different parameters. Powder averaging was performed over 4180 crystallite orientations and
realistic rectangular pulses were taken into account. Black, red, blue, green and cyan data refer to the
spin temperature Tsin, the quadrupolar coupling constant Cq, the asymmetry parameter 7q, rf-field
strength and homogeneous line broadening Ib, respectively. The experimental value of the asymmetry
seen in Fig. 3a is indicated by a horizontal dashed line. Thin dashed horizontal lines indicate an
uncertainty interval of 0.5 mK. The optimal set of parameters is indicated in orange.
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Figure 5 Build-up of the integrals of *H spectra under the effect of microwave irradiation for

Tsample = 1.3 and 4.0 K, shown by continuous and dashed lines, respectively. In all cases, after an initial
presaturating train of pulses, a 2H signal was acquired every 30 s, excited by a single a /-7 echo
(without phase cycling) with #=27° and t = 15 us. The top panel indicates the corresponding microwave
saturation frequencies at v, = 187.9 and 188.3 GHz, for positive and negative DNP enhancements,
whereas vy = 0 indicates that the microwave source was turned off. The vertical scale of the data
measured at Tsgmpre = 4.0 K was amplified by a factor two.
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