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Development of spin-contrast-variation neutron powder
diffractometry for extracting the structure factor of
hydrogen atoms
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Abstract

We developed a spin-contrast-variation neutron powder diffractometry technique that
extracts the structure factor of hydrogen atoms, namely, the contribution of hydrogen
atoms to a crystal’s structure factor. Crystals of L-glutamic acid were dispersed in a d-

polystyrene matrix containing 4-methacryloyloxy-2,2,6,6,-tetramethyl-1-piperidinyloxy
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(TEMPO methacrylate) to polarize their proton spins dynamically. The intensities of
the diffraction peaks of the sample changed according to the proton polarization, and
the structure factor of the hydrogen atoms was extracted from the proton-polarization-
dependent intensities. This technique is expected to enable analyses of the structures
of hydrogen-containing materials that are difficult to determine with conventional

powder diffractometry.

1. Introduction

Neutron scattering and X-ray scattering are powerful techniques for analyzing crys-
talline structures. In particular, neutron scattering is better suited than X-ray scatter-
ing for studying the structures of hydrogen-containing materials. The neutron coher-
ent scattering cross section of hydrogen is comparable with those of other elements,
whereas the X-ray cross section of hydrogen is much smaller. Hydrogen-containing
materials are usually deuterated for neutron-scattering measurements because deu-
terium has a larger coherent scattering length and a smaller incoherent scattering
length than those of hydrogen. However, preparing such deuterated samples is diffi-
cult and in some cases impossible.

To overcome this difficulty, an alternative technique known as spin contrast variation
(SCV) using polarized neutrons and protons (Knop et al., 1989; Knop et al., 1991;
Knop et al., 1992; Stuhrmann, 2004) was developed. The coherent polarized neutron
scattering length of hydrogen, by, varies according to the proton spin polarization Py

with respect to the neutron spin direction as
b = bio + Abn Py (1)

with byg = —3.74 fm and Aby = 14.56 fm (Sears, 1992). In contrast, the corresponding
polarization dependence is negligibly small in other elements. Combined with small-

angle neutron scattering, SCV has been used to elucidate the nanostructures of soft
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composite materials (Knop et al., 1989; Knop et al., 1991; Knop et al., 1992; van
den Brandt et al., 2002; Noda et al., 2016), and SCV neutron reflectivity was devel-
oped recently to determine the surface and interfacial structures of multilayered films
(Kumada et al., 2019).

In crystallography, SCV provides the structure factor of hydrogen atoms, namely the
contribution of hydrogen atoms to a crystal’s structure factor. Fig. 1 shows the crystal
structure of the 8 phase of L-glutamic acid as an example. SCV neutron diffractom-
etry can focus on hydrogen from the Py-dependent diffraction profiles, whereas con-
ventional neutron diffractometry cannot distinguish between hydrogen and other ele-
ments. However, SCV has been relatively underused in diffractometry to date because
the polarization technique is severely limited regarding crystalline samples. In SCV,
the sample is hyperpolarized by dynamic nuclear polarization (DNP), which transfers
spin polarization from electrons to protons using microwaves with a frequency close to
electron paramagnetic resonance (EPR) (Abragam & Goldman, 1978). Here, doping
of the electron spins, which act as a polarizing agent, is a key factor of DNP. Glassy
samples are doped with polarizing agents such as 2,2,6,6,-tetramethyl-1-piperidinyloxy
(TEMPO) stable free radicals, while rubbery polymers are permeated with vaporized
TEMPO (van den Brandt et al., 1995). However, crystalline samples generally can be
neither doped nor permeated with such stable radicals.

In the long history of experiments in nuclear physics, crystalline samples of several
types have been dynamically polarized. Proton polarization of more than 95% was
achieved in NHz and “LiH crystals, where the polarizing agents were generated by
electron-beam irradiation (Niinikoski & Rieubland, 1979; Roinel et al., 1978). Proton
polarization of more than 70% was obtained in LasMgs(NOs3)12-24H20O (LMN) using
Nd3* paramagnetic centers that were partially substituted for La3™ (Abragam et al.,

1962; Schmugge & Jeffries, 1965), and it has been shown that changing the proton
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polarization changes the polarized neutron diffraction intensity of LMN (Hayter et al.,
1974; Piegsa et al., 2012). However, these doping techniques are severely limited.
Electron-beam irradiation is applicable only when the EPR linewidth of the unpaired
electrons generated by the radiolysis is narrow enough for DNP (Goertz et al., 2004).
Also, because the EPR patterns of paramagnetic centers such as Nd37T differ according
to the sample (Borghini, 1966), the best ionic species must be found for each sample.
Therefore, neither irradiation nor ion substitution is suited to studying the structure
of crystalline samples when various samples arrive at a neutron facility and must be
polarized. These technical difficulties have prevented SCV from being extended to
neutron diffractometry, except for protein crystals that can be polarized by doping
TEMPO or hydroxy-TEMPO into swollen glassy solvents (Zhao et al., 2013; Pierce,
2017; Tanaka et al., 2018; Pierce et al., 2020).

Meanwhile, a versatile DNP technique for crystalline samples was developed for
solid-state nuclear magnetic resonance experiments (Rossini et al., 2012). In this tech-
nique, dispersion medias doped with free radicals derivatives are impregnated with
milled molecular microcrystals to polarize the latter via spin diffusion from the dynam-
ically polarized media. The advantage of this technique, known as relayed DNP, is that
the crystalline samples are polarized even though crystalline domains are not doped
with free radicals. Thus, this technique can polarize any crystalline samples as long
as the growth rate of nuclear polarization due to microwave excitation is higher than
the longitudinal nuclear spin relaxation rate. Recently, we carried out DNP measure-
ments of LaF3 nanocrystals dispersed in TEMPO-containing ethanol at 2.5 T and
0.9 K (Miura et al., 2019), which are close to the conditions of our SCV experiments
(Kumada et al., 2009). The polarization of '°F nuclei, the magnetic moment of which
is very close to that of protons, increased to 13.5% (unpublished), which indicates that

relayed DNP can polarize protons sufficiently for SCV diffractometry measurements.
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In the present study, we use relayed DNP to develop a versatile SCV neutron powder
diffraction (SCV-NPD) technique. The diffraction intensities of L-glutamic acid (LGA)
change with Py differently for each peak, and the structure factor of hydrogen is

extracted from the Pg-dependent intensity.

<
00 00 JL_>
o0 ooc a ° °

(a) Conventional (b) SCV-NPD

Fig. 1. Crystal structure of 8 phase of L-glutamic acid: (a) conventional diffractom-
etry detects all elements (red spheres); (b) spin-contrast-variation neutron powder
diffraction (SCV-NPD) detects only hydrogen (red spheres) and not other elements
(white spheres). The box drawn with solid lines indicates a unit cell.

2. Experiment

2.1. Sample preparation

The samples comprised LGA powder in the 8 phase and dispersed in deuterated
polystyrene doped with 25 mM of 4-methacryloyloxy-TEMPO (TEMPO methacry-
late), prepared according to the following scheme. First, 500 mg of LGA (56-86-0; Fuji-
film Wako Pure Chemical Corp., Japan) were milled with a pestle and a mortar into a
micropowder. The micropowder was impregnated with 15 mL of cyclohexane and dis-
persed using an ultrasonic wave (Qsonica Q500; WakenBtech) for 30 min. Then, 1 g of
deuterated polystyrene (polymer source, p2015-dPS, My, = 970, My, /M, = 1.10) and
TEMPO methacrylate (730297, Sigma-Aldrich,) were dissolved in cyclohexane, which

was later evaporated in a vacuum oven at 110°C for 12 h to form submillimeter-thick
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sheets. It was confirmed by X-ray diffractometry (MiniFlex600; Rigaku) that the g
phase of LGA was maintained even after the milling, impregnation, and heating. Four
sheets with a total thickness of approximately 3 mm were stacked and set in a sample

cell made of aluminum for neutron diffraction measurements.

2.2. Neutron diffraction measurement

The SCV-NPD experiment was performed by placing our DNP apparatus in the
small and wide-angle neutron scattering instrument TAIKAN (BL15) (Takata et al.,
2015) in the Materials and Life Science Experimental Facility (MLF) of the Japan
Proton Accelerator Research Complex (J-PARC). Fig. 2 shows the instrumental con-
figuration. Pulsed neutrons from a mercury spallation target were polarized antipar-
allel to the beam direction with the neutron spin polarizer, spin-flipped with the spin
flipper if needed, diffracted from the proton-polarized sample in the DNP appara-
tus, and detected with the middle-angle and backward detectors. The DNP apparatus
comprised a liquid *He cryostat that cooled the sample down to 1.2 K by pumping
with a scroll pump (NeoDry60E; Kashiyama) and two booster pumps (SMB-C06 and
SMB-C25; Shinko Seiki), a Helmholtz magnet (JMTC-3.5T/50/SP; JASTEC) that
generated a magnetic field of 3.33 T, a microwave oscillator that generated a fre-
quency of 93.9 GHz, and a microwave amplifier (AMP-10-01300; Millitech) (Kumada
et al., 2009). The direction of the proton polarization of the sample was maintained
parallel to the magnetic field. The sign of Py was switched by controlling the direc-
tion of the neutron spin with the spin flipper. When the sample was unpolarized,
the magnetic field was set to zero. The magnitude of Py was determined to be 16%
from the ratio between the neutron transmissions of the polarized and unpolarized
samples following the procedure described in (Noda et al., 2011). The opening angle

of the neutron window was so small that the DNP apparatus was rotated by 19° from
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the direction of the incident neutrons to cover values of the scattering angle 26 in
the ranges of 14-27° and 144-159° with the middle-angle and backward detectors,
respectively. Although the overall range of 26 was severely limited, time-of-flight mea-
surement with neutron wavelength X\ from 1.6 to 7.5 A offered seamless cover of the

magnitude of the scattering vector, namely

47 sin 6

from 0.4 to 1.6 A=! and from 1.6 to 7.5 A~! with the middle-angle and backward
detectors, respectively. The scattering from a positively polarized sample, a negatively
polarized one, and an unpolarized one was accumulated for 5 h in each case. From those
data were subtracted the incoherent scattering of the sample, the coherent scattering
of the deuterated polystyrene, and the scattering of the air, which appear as the broad

spectra over the diffraction peaks in Fig.S2.
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Fig. 2. Instrumental configuration of SCV-NPD measurements at TATKAN. The inset
shows the \ dependence of the neutron polarization.

2.8. Correction of scattering intensity

The observed neutron-scattering intensity I= (Q,|Py|) is the sum of the intensities
for different A, namely

160s(@s 1Pul) = 3 155 (@: Pl (3)
where the superscript + or — indicates that the neutron polarization is parallel or
antiparallel, respectively, to the proton polarization. Because the neutron polarization
pu(\) varies with A (see the inset of Fig. 2), we corrected I (Q, |Pal) to the intensity

corresponding to p,(A) = 100%, namely 1(Q, Py), as follows:
I(Q, Py) = > 1\(Q, Pn) (4)

A

with

INQ, Pn) =
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As shown in Fig.S1, the differences between I75_ (Q,|Pu|) and I(Q, Py) are not negli-
gible, particularly around @ = 1.4 A~! where scattering neutrons with p,()) less than

80% were measured.

2.4. Calculation of crystal structure factor

The crystal structure factor

F(Q, Pg) = %;b;e'Qi (6)

with scattering length b; and position vector r; was calculated by importing the
crystallographic information file (CIF) (Dunitz & Schweizer, 1995) of the 8 phase of
LGA from the Crystallography Open Database (COD) (Downs & Hall-Wallace, 2003;
Grazulis et al., 2009; Grazulis et al., 2012) to the Visualization for Electronic and
Structural Analysis (VESTA) program (Momma & Izumi, 2011). However, because
VESTA does not support the calculation of proton-polarized samples, the hydrogen
scattering length was changed manually by adjusting the occupancy at hydrogen sites
in the CIF data to calculate F(Q, Py # 0%). Note that the Debye-Waller factor of
each atom was set to unity and that the lattice constants were reduced isotropically
by 0.3% from the CIF data to reproduce the position of the diffraction peak at Py =

0% because of cryo-shrinking of the sample.

3. Results

Fig. 3(a) shows the SCV-NPD data for the  phase of the LGA samples in the range
1.2 < @ < 2.6 A~! in which the diffraction peaks were observed clearly. How the peak
intensities change with Py differs for each value of ). For example, the intensities of
the peaks at Q = 1.27 and 1.46 A~! decrease with increasing Py, whereas those at
Q = 1.43 and 1.58 A~! increase, and the intensity at Q = 1.53 A~! is unchanged with

Py.

IUCr macros version 2.1.11: 2020/04/29



10

Fig. 3(b) shows the calculated peak intensities following

m(Q)

o IF(Q, Pu)|* (7)

I(Q, Pr) =

where m/(Q) is the multiplicity and Q=2 is the Lorentz factor for the scattering from
randomly oriented planes in plots of the differential scattering cross section versus @)
(Shibayama et al., 1989). How the peak intensity at each value of @) changes with Py
in Fig. 3(a) is consistent with that in Fig. 3(b).

The increase in peak intensity according to the proton polarization makes it possible
to observe the peaks that are not visible at Py = 0%. For example, the peak at
Q = 1.9 A~! in Fig. 3(a) was not seen with Py = 0%, but it was seen with Pg = 16%
thanks to the increase in peak intensity with P. The intensity change not only reveals
the peaks that are hidden at Py = 0% but also helps to separate overlapping peaks.
For instance, the mound structure observed around @ = 2.13 A~! with Py = 0% is
asymmetric, suggesting that the sub-peak at @ = 2.11 A~! may be overlapped by the
main peak at Q = 2.13 A~1; it is difficult to prove its existence from only the structure
with Pg = 0%, but the structure with Py = —16% shows clearly that the sub-peak is
overlapped. Moreover, overlapping of multiple peaks can be distinguished even when
the difference in Q between adjacent peaks is smaller than the resolving power of the
instruments. Looking at Q = 2.2 A~!, the peak position shifts very slightly to higher
Q@ with Py = 16%, which can be interpreted as follows: as shown in Fig. 3(b), the
intensity of one peak at @) slightly lower than the overlapped peak position decreases,
but that of the other peak at higher @) increases with increasing Py.

In the following section, we discuss why the change in intensity with Py differs
for each peak and how the structure factor of hydrogen atoms is extracted from the

Pyg-dependent peak intensities.
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Fig. 3. (a) SCV-NPD data for § phase of LGA samples after subtracting the broad
scattering in Fig.S2. (b) Calculated intensities of the peaks.

4. Discussion

To discuss the Py dependence of the intensity, we divide F(Q, Pyg) into two terms,
namely, the structure factor Fiz(Q) of hydrogen atoms at Py = 0% and the structure

factor Fothers(Q) of the other elements (C, N, and O in this case) as
F(Q, Pa) = (1 - £Pu)Fu(Q) + Fothers(Q) - (8)

Here, (1 — kPy) with k = |Abp/bmo| = 3.89 in Eq. (1) is the ratio of the structure

factor of hydrogen at Py to that at Py = 0%. Substituting Eq. (8) into Eq. (7) gives

Q) (1@ + (1~ P [F(Q)F

Q
+ 2(1 — HPH) Re [FH(Q)Fothers(Q)*]) :

9)
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As shown in Fig. 4, the intensities of the peaks follow quadratic functions of Py with
different curvatures and vertex positions, which reflect | Fir(Q)|* and Re [Fi1(Q) Fotners(Q)*],
respectively. Ideally, |Fir(Q)|* and Re [Fi1(Q) Fothers(Q)*] would be determined by fit-
ting Eq. (9) to the intensities of all the peaks at multiple values of Py. However, such
fitting is unrealistic because limited time prevents measurements at multiple values of
Py required for the fit.

Alternatively, we propose an analysis that extracts |Fiz(Q) \2 and Re [Fi1(Q) Fothers(Q)*]

by subtracting Eq. (9) for only three different values of Py. First, |Fotners(Q)[? is

removed by subtraction, namely

2 2k Py Q2

{IFu(@Q) + Re [Fu(Q) Fomers(Q)"]} - (10)

The data shown by the blue single-line graph in Fig. 5(a) were obtained by substitut-
ing the intensities at Py = £16% in Fig. 3 into I(Q, £ Py) in Eq. (10). Meanwhile, the
orange filled-line graph is of |Fii(Q)|? and Re [Fu(Q)Fotners(Q)*] of LGA and broad-
ened using the resolving power of TAIKAN (Takata et al., 2015). The experimental
data and the calculation agree well regarding the peak positions and intensities, indi-
cating that only the intensity change with Py was picked up and the intensity related

to Fu(Q) was extracted.
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Fig. 4. Calculated intensities of several peaks as functions of Ppy. The vertical dashed
gray lines indicate the Py values used in this experiment.

Second, |Fii(Q)|? is obtained by further substituting the intensities at Py = 0% in

Fig. 3 into

11(Q,—P 1(Q,+FPu) —21(Q,0 m

Fig. 5(b) compares the experimental data and the calculation corresponding to Eq.
(11). The experimental data reproduce the calculated peaks, but the noise level is
comparable with or even larger than the small peaks, especially those near @ =
1.6 A=1, which are located at the boundary of the high- and low-Q detection limits
for the middle-angle and backward detectors, respectively. The blue line graph in Fig.
5(b) shows the secondary differentiation against Py, whereas that in Fig. 5(a) shows
the primary differentiation. Therefore, it is more difficult to obtain Fig. 5(b) accurately
than it is Fig. 5(a), except near the vertices of the parabolas in Fig. 4.

Third, Re [Fu(Q)Fothers(Q)*] in Fig. 5 is given by subtracting Eq. (11) from Eq.

(10), namely

1 {I(Q —Pu) —1(Q,+Pu)  1(Q,—Pu) + 1(Q, +Pu) — QI(an)}
2 2/€PH (KJPH)2 (12)
= ) Re [ (@ Funen (@)
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However, this is affected by the noise in Fig. 5(b) to give a signal-to-noise ratio that
is still poor, and improving that ratio is one of the issues to be addressed in future

work.

QIAT]

Fig. 5. Blue single-line graphs of (a) (m(Q)/QQ)(\FH(QM2 + Re [Fi(Q) Fothers(Q)*]),
(b) (M(Q)/Q*) [Fu(Q), and (c) (m(Q)/Q®) Re [Fir(Q) Forners(Q)*] obtained by
substituting the experimental data into Egs. (10), (11), and (12). Orange filled-line
graphs are calculated with the peaks broadened by a Gaussian with the resolving
power of TAIKAN.

We are now developing a 6.7 T DNP apparatus with wider neutron windows for
improved proton polarization, () range, and neutron count rates. Measuring at higher
proton polarization would give greater differences in peak intensities between different

spin configurations, and improved neutron count rates would provide statistical signif-

icance in the analysis to determine |Fi1(Q) ]2 and Re [F11(Q) Fothers(Q)*]. Although the

IUCr macros version 2.1.11: 2020/04/29



15
opening angle of the neutron windows of approximately 120° of the new DNP appa-
ratus is smaller than those of 210° (Piegsa et al., 2012) and 360° (Pierce, 2017; Pierce
et al., 2019), the pulsed neutron measurements with the new DNP apparatus in J-
PARC MLF seamlessly cover the Q-range up to approximately 10 A~!. Besides, a
3He neutron spin filter that polarizes neutrons with A less than 1.0 A was recently
developed and installed in a crystal diffractometer whose resolving power is higher
than that of TAIKAN (Okudaira et al., 2020). In this way, the SCV-NPD perfor-
mance will be improved by using this advanced apparatus and a beamline suited for
crystallography.

We expect that, like anomalous X-ray diffraction, SCV-NPD can be used to separate
overlapping diffraction peaks (Friend et al., 1977; Fuoss et al., 1981; Bazin et al., 2002).
SCV-NPD controls the coherent scattering length of hydrogen, the main component
of soft materials, whereas the X-rays near the absorption edges of light elements
cannot be used for scattering measurements. The signal can be separated because
of the changing shape and shifting of diffraction peaks due to Pyg. It will be useful
for elucidating hydrogen-containing crystals, such as ice systems (Komatsu et al.,
2020), polymers (Grishkewich et al., 2017), inorganics (Yashima et al., 2014), and
biomacromolecules (Kovalevsky et al., 2008).

We also expect SCV-NPD to be used for studying hydrogen functional materi-
als such as hydrogen storage materials. Compared with hydrogen atoms chemically
bounds to specific atoms in organic crystals, those in hydrogen functional materials
disperse or flocculate after diffusing among trapping sites, thereby making it difficult
to assume the model structures. In SCV-NPD, even if the structure of the sample is
unknown, the dispersion and flocculation of hydrogen are determined from |Fy(Q)|?
and the trapping sites are determined from Re [Fii(Q) Fothers(Q)*]-

Whereas SCV-NPD was realized by relayed-DNP in this study, this technique still

IUCr macros version 2.1.11: 2020/04/29
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has several problems to be solved. For example, the dispersion media produces broad
diffraction peaks which overlap with peaks of crystalline domains (See Fig.S2). To
overcome the problems, we are planning to use porous polymer materials as the dis-
persion media. Recently, a dry hydrogel with a volume filling ratio of only 2% (Sekine
et al., 2020) has been successfully polarized. We hope that the dispersion media-free

sample preparation method will be applied to SCV-NPD.

5. Conclusion

We have demonstrated SCV-NPD measurements of LGA using the relayed-DNP tech-
nique. With increasing Py, some diffraction peaks increased in intensity while the
others decreased, and the increasing and decreasing ratios were different for each
peak. The structure factor of hydrogen was extracted from the Py dependence of the
diffraction intensities without assuming structure models. SCV-NPD has the poten-
tial to contribute to determining the complicated structures of soft materials whose
diffraction peaks cannot be separated or assigned with conventional measurements.
In particular, this technique could be used to determine the dispersion, flocculation,
and trapping sites of hydrogen atoms in hydrogen functional materials. To improve
the performance of the SCV-NPD measurements, we are developing new experiments
using a new DNP apparatus with a higher magnetic field, a wider window, and a 3He
neutron polarizer at the neutron diffractometer for crystallography, a sample prepa-

ration using dispersion media with low volume filling ratio, and so on.
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