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Single-crystal solid-state nuclear magnetic reso-
nance (ssNMR) spectroscopy, which enables detailed analysis of
the electronic structures of crystalline molecules, offers a unique
opportunity to investigate molecular chirality—an essential feature
with broad implications for understanding the origin and function
of life. In this study, we employ single-crystal ssNMR spectroscopy,
in combination with X-ray diffraction and density functional theory
(DFT) calculations, to examine the electronic structure of 7O
nuclei in crystalline forms of alanine enantiomers. Eight magneti-
cally nonequivalent '"O resonances within the unit cell were
observed and successfully assigned, and their corresponding NMR
tensor parameters were determined. These resonances are
comprised of pairs of chemically distinct oxygens in each of four
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symmetrically related sites. The experimental findings were compared with previous NMR studies as well as with DFT calculations

performed in this work. The DFT results not only supported the assignment of crystallographically distinct

70 sites but also

revealed previously unobserved antisymmetric components of the chemical shift tensors. This study presents the first comprehensive
characterization of 'O NMR tensors in alanine enantiomers and underscores the power of integrating single-crystal ssNMR with X-
ray diffraction and DFT calculations to advance our understanding of molecular chirality in amino acids.

amino acids, chirality, single-crystal NMR, shielding tensors, 170, DFT

Blologlcal homochirality is a fundamental feature of terrestrial
life."* Analysis of a number of carbonaceous meteorites have
revealed an excess of L-amino acids compared to the D-
enantiomers.” > These findings suggest that abiotic mecha-
nism(s) operating in the stellar environments may be
responsible for generating this enantiomeric excess (ee).’
Several abiotic models’ "' have been proposed to explain the
observed ee of amino acids. Among them, the magnetochiral
model calculates ee of as high as 0.02% for alanine, positive ee
for many a-amino acids, and up to 0.01% for cationic isovaline
and zwitterionic alanine.''~

The orientation dependence arising from optical isomerism
influences the relative nuclear interaction rates of chiral '*N
nuclei in amino acids with relativistic leptons, such as electron
antineutrinos (7,), potentially leading to their conversion into
"“C. This mechanism may contribute to the preferential
destruction of p-amino acids over their L-counterparts. In
single-crystal ssNMR experiments, the orientation of chiral
molecules in high magnetic fields affects the electronic
environment such that the antisymmetric components of the
magnetic shielding tensor are altered to exhibit reflection
symmetry.

The initial motivation of this work was to experimentally test
the predictions of the magnetochiral model. The primary aim
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was to examine the antisymmetric chemical shielding (ACS)
tensor components of the "*N nucleus in amino acid samples.
That target has proven elusive (see Results and Discussion).
Instead, we turned to the oxygen atoms in the carboxylate
moiety of the amino acids. Of the three stable oxygen isotopes:
160, 70, and *0, only 70 (I = 5/2) is NMR active. Being a
quadrupolar nucleus as well, 7O can serve as a proxy for the
"N as a probe of the chiral environments of most amino acids.

While 'O NMR studies in solution have provided valuable
insights,'*"* solution studies alone cannot fully capture the
detailed electronic and structural information on these
systems; too much information is lost due to randomized
molecular orientations. ACS contributions to the CSA have
been indirectly inferred through relaxation studies in solution-
state NMR.'®"” Some aspects of electronic structure, such as
quadrupolar coupling and chemical shield anisotropy (CSA),
can be obtained through solid-state NMR."® For quadrupolar
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nuclei (I > 1/2), the quadrupolar and ACS components are
coupled to each other and this can also be measured using
solid-state NMR spectroscopy.'”*° To achieve a more
complete understanding of the molecular structure of amino
acids, and to better characterize the electronic state of oxygen
in biologically important molecules, advanced solid-state NMR
techniques such as single-crystal NMR (SCNMR) must be
utilized.”’

In this work, we have investigated the quadrupolar tensor
and the chemical shielding anisotropy tensor for '’O nuclei in
both enantiomers of isotopically enriched alanine. The relative
orientations of these tensors were determined through
SCNMR spectroscopy. Due to its low natural abundance
(~0.04%), isotopically enriched samples are required for rapid
and facile 7O NMR spectroscopy experiments.”” The
experimental findings were compared with }Z)reviously reported
NMR studies on alanine enantiomers,”> >° as well as with
periodic density functional theory (DFT) calculations using
the published crystal structures.”® The DFT models were
performed using the PBEsol exchange-correlation function-
als.”” The NMR tensors were calculated using the gauge-
including projector augmented wave (GIPAW) method.” We
also present similar calculated data for the "*N nuclei.

The NMR rotating frame Hamiltonian of an isolated
quadrupolar nucleus, considered in the Zeeman interaction
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Figure 1. (a) Photograph of front view of the probe. The arrow shows
rotation of the goniometer inside the RF coil. Inset shows L-alanine
crystal glued to the tenon. The tenon may be mounted on three
different orientations in the goniometer so that three orthogonal
rotations of the sample can be achieved. (b) Photograph of side view
of the probe showing goniometer mechanism and probe coils. (c)
Rotation of tenon around an axis that is perpendicular to magnetic
field. The three mutually perpendicular rotations are achieved by
mounting the tenon plate into dovetails for —x’, y%, and —z"
rotations. (This figure is modified from ref 30 under CC-BY 4.0
license, copyright T. Vosegaard.)

frame includes contributions from chemical shielding and

quadrupolar interactions and is expressed as”’
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In the above equations, ‘Hg), 7‘(&), ﬂ(cls) , represent the first
order quadrupolar interaction, second-order quadrupolar
interaction, and first order chemical shift anisotropy,
respectively. The term J;, denotes the isotropic chemical
shift, and the components Rg,,l (with £ = CSAor Q,and A =2,
1,0, —1, or —2) represent the spatial part of tensors defined in
the laboratory (rotating) frame. Here, I is the nuclear spin
quantum number, I, is the z-component of the angular
momentum operator, and eQ is the nuclear quadrupole
moment, y is the gyromagnetic ratio, and w, is the nuclear
Larmor frequency. The spherical tensors Ri » defined in the
laboratory frame, can be related to the corresponding Giﬁ
tensors defined in the goniometer-tenon frame through a
single-step coordinate transformation usin§ the polar angle 6
and an azimuthal angle ¢ according to'??

Goniometer frame

B_ al he z - axi
(¢,0,0°) (oaongt ez axls)

Laboratory frame (5)

After explicitly performing this transformation and re-
e)?ressing the spherical tensors Gil into Cartesian tensors
G:,, (where m and n are «, y, or z) for easier interpretation, the
expression for Rg,l and Rf‘ RS, can be written as functions of
Gy 6, and ¢, as described previously.’

As shown in Figure 1 below, the goniometer tenon, to which
the sample crystal is glued for mounting in the SCNMR probe,
is designed to allow rotations about the —x, y, and —z axes.
The relevant expressions used to interpret the —x” rotation (@
=—0; ¢ = n/2), y" rotation (0 = ©; ¢ = 0), and —z" rotation
(0 = 7/2; ¢ = —O) patterns for the transitions of '’O (I =5/2)
can be derived from the eqs 2—4 above by considering
transitions among different energy levels. Here, ® represents
the rotation angle applied experimentally by rotating the crystal
about an axis that is oriented 90° relative to the external
magnetic field (see Figure 1). For the central transition 11/
2)>|—1/2), all three rotation patterns can be rearranged into
the following expressions for explicit curve fitting, incorporat-
ing the first-order CSA and second-order quadrupolar
contributions:

l/|§:/s§>(_,|_1/2> = A% + B%"c0s 20 + C%*sin 20 (6)

1/|%22><_,|_1/2> = A2 + B%c0s 20 + C%sin 20 + D%cos 4

O + E%in 40 (7)

where a € {—x", y*, —z"} and the coefficients I (with = A,
B, C, -+, E) are defined in terms of the G5, tensors,”’ which are
(3 X 3 matrices). Note that the dominant first-order
quadrupolar Hamiltonian vanishes for symmetric transitions
such as [1/2)<>|—1/2), due to its quadratic dependence on IZ.
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The CSA and quadrupolar tensor parameters G5, in the
goniometer—tenon frame are determined by performing least-
squares curve fitting of the experimentally acquired —x”, y7,
and —z" rotation patterns using the expressions above.’” The
tensor parameters in the respective principal axis frames
(PAFs) of the CSA and quadrupolar tensors are then obtained
via matrix diagonalization. The corresponding eigenvector
matrices yield the relative orientations of each tensor with
respect to the goniometer—tenon frame. These principal
components represent unique molecular properties and
provide a generalized framework for describing the corre-
sponding NMR tensor interactions. In the principal axis frame
(PAF), the CSA tensor can be represented using the
Haeberlen convention®” as follows:

1
8. = 5(511 + 6y, + 653)

iso (8)
6CS = 633 - 5iso (9)
Noe = 522 B 511
< Ocs (10)
where
|633 - 5isol Z |511 - 5iso| Z |622 - 5iso| (11)

The quadrupolar coupling constant (Cy) and asymmetry
parameter (7)) for electric field gradient (EFG) tensor can be
expressed using the Haeberlen—Spiess convention®” as

¢ = LW
h (12)
o = =W
Vi3 (13)
with
WVl 2 1V 2 W, (14)

The CSA and EFG tensors can be defined in their
corresponding PAF using NMR parameters defined above
(see Supporting Information).

Tensors defined in the principal axis frame (PAF) and the
goniometer—tenon frame are connected via a unitary trans-
formation. In most cases, the PAF of the quadrupolar
interaction is chosen as the common reference frame, enabling
expression of the CSA tensor’'s PAF——and when applicable,
the crystal frame from X-ray diffraction——in the same
coordinate system. When the crystal frame is adopted as the
common reference, both the quadrupolar and CSA PAFs can
be mathematically converted into the goniometer—tenon
frame, which corresponds to the physical orientation of the
mounted crystal, using the following tensor transformations
each consisting of three consecutive passive rotations involving
an Euler’s angle set (ay, B, 7,):

a, b, c
PAF(CsA) )

PAF(Q)

¢ 4v)
—— Crystal frame

(a, B, 1) .
——> Goniometer frame
(Rotating frame) ( 15)

Thus, the tensors in each frame, (e.g, A and B) are related by a
unitary transformation as™

B = R((ll, ﬁl’ }/I)AR_I(aU ﬁll 71) (16)

The colorless D- and L- enantiomers of alanine were individually
labeled by a saponification reaction of the corresponding alanine

Scheme 1. Synthesis of "O-Labeled Alanine

o
1) NaOEt, H,!70
0° C, MeOH
2) Reflux, 2 hr
3) HCI (aq) NHz*

CI NHg*

Table 1. Crystallographic Data for p-Alanine and r-Alanine
at 295 K

L-alanine p-alanine
empirical formula C;H,NO, C;H,NO,
formula weight 75.08 75.08
crystal system orthorhombic orthorhombic
space group P2,2,2, P2,2,2,

a 6.036 (3) A 6.025 (3) A
b 12342 (5) A 12324 (5) A
c 5788 (3) A 5.783 (3) A
V4 4 4

A 1 1

cell volume 4312 A3 4294 A3

Table 2. Average Root-Mean-Square Deviations in Nuclear
Positions after Optimization of L- and p-Alanine from
Literature Crystal Structures

RMS deviation/10~* A

# L-ala (295 p-ala (295 L-ala (60  p-ala (60
nucleus  centers K) K)“ K) K)
H 28 2.48 2.50 1.72 1.10
C 12 5.53 5.60 3.21 5.16
N 4 1.54 1.47 1.59 0.63
O 8 9.23 7.70 9.73 9.36
All 52 4.87 4.46 4.33 4.51

“Starting structure derived from L-alanine (295 K).

methyl ester hydrochloride (Ala-OMe-HCl) with sodium ethoxide
(NaOEt) and isotopically enriched water (H;’O), following a
procedure previously described.'® Both enantiomers of Ala-OMe-
HCl and NaOEt were purchased from Sigma-Aldrich while H;’O with
nominal 40% enrichment was purchased from Cambridge Isotope
Laboratories (CIL). The relevant chemical reaction is given in
Scheme 1. Details of the synthesis may be found in the Supporting
Information. In this reaction, only one of the two carbonyl oxygens
will originate from the labeled water reagent, so the product will have
only half the starting atom-% label.

Incorporation of the 17O label in the two alanine enantiomers was
measured to be similar to the predicted 20 atom-% label by solution
NMR, where the intensity of the ca. 265 ppm carboxylate resonance
was referenced to that of the natural abundance 7O of the D,0O
solvent. Mass spectrometric analysis confirmed the isotope incorpo-
ration for each labeled compound (see Supporting Information). The
'H and *C NMR spectra, all collected in D,O, were consistent with
previous literature.*®

Single crystals for both p- and L-alanine were prepared separately
by slow evaporation at room temperature after dissolving ~1.5 g of
product in ~9 mL cold deionized (DI) water. After about 45 days,
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crystals were harvested. The crystals were quickly washed with cold
DI water to remove any surface impurities and stored at room
temperature. Single crystals for the study were screened using the
cross-polarized light microscopy technique36 to eliminate twinned and
polycrystals; essentially, samples were observed while rotating them
under crossed polarizers to verify uniform light transmission. The
single crystals selected for the study had dimensions of approximately
4 X S X 2 mm® for L-alanine and 3 X 5 X 2 mm® for p-alanine. The
crystals were glued to a tenon mounting plate for the goniometer
NMR probe using epoxy resin.

The lattice structure parameters were determined using powder X-ray
diffraction (XRD) analysis at the Electron Microbeam Analysis
Laboratory (EMAL), University of Michigan. Powdered p- and L-
alanine samples were analyzed in reflection mode in Bragg—Brentano
geometry on a X-ray diffractometer (Rigaku Ultima IV). The Cu
anode X-ray beam (40 kV, 44 mA) was filtered by a 20 um thick
nickel foil to remove Cu Kf, giving monochromatic Cu Ka X-rays.
The divergence, scattering and receiving slits were set at 2/3°, 2/3°,
and 0.6 mm, respectively. The scanning 26 range was from S to 70°
with step size of 0.02° at a scan rate of 1° min~. The unit cell
parameters (a, b, ¢, a, f, y) were recovered by assigning the
appropriate triple of Miller indices (/kl) to each observed interplanar
spacing (dj).The indexing process was performed using
EXP02014” via the N-TREOR09 program,*® the evolution of the
N-TREOR software.”> Powder XRD confirmed that the unit cells
match the reported crystal structures;*® our measured p- and L-alanine
crystal parameters are given in Table 1.

The orientation of the mounted single crystals was determined
using the so-called “Omega-Scan” method described elsewhere.”" The
mounted crystal’s surface normal and edge plane directions were used
to find the orientation matrix and ultimately the orientation of the
crystal frames relative to the tenon frames. The Euler angles relating
the crystal frame to the goniometer frame for the p-alanine crystal are
352.7, 90.0, 135.0° and for the L-alanine crystal are 333.5, 33.7, 90.0°
(see Supporting Information for details).

NMR spectra for both samples were acquired using a Bruker Avance
III console running Topspin 3.6 (Bruker Biospin GmbH) at the
National High Magnetic Field Laboratory (NHMFL) in Tallahassee,
FL. A custom-built low-E 600 MHz static HX probe (Figure 1a,b),
developed at NHMFL, was used for the measurements. The probe
features a cross-coil arrangement of a 6.5 mm ID round 9-turn X-
channel detection solenoid coil mounted inside and orthogonal to a
low inductance 'H-channel loop gap resonator was employed for the
measurements. The low-E coil and associated probe circuitry have
been thoroughly described in the literature.*’

This probe was optimized for 'O detection with 'H decoupling
and operated inside a 600 MHz (14.1 T), 89 mm bore magnet. The
tenon plate, with the crystal glued on it, was mounted in the dovetail
track of the goniometer and positioned within the 6 mm inner
diameter loop-gap resonator-type NMR sample coil, enabling stepwise
rotation to acquire SCNMR spectra across defined rotation patterns.
The mounting configuration was designed to allow positive rotations
of the tenon about the —x”, 7, and —z axes, as defined by the
dovetail pattern inscribed in the goniometer.* Details of the
goniometer mechanism and sample mount construction have been
previously described.”" Figure 1 shows the probe, the single crystal
sample mounted on the tenon, and the three orthogonal tenon
rotations relative to the magnetic field, which vary depending on how
the plate is mounted in the goniometer.

The mounted samples were rotated from 0 to 180° using the
goniometer’s worm-gear mechanism, measured by adjusting an analog
micrometer scale at the bottom of the probe. To minimize backlash
error, all rotations were carried out in a single direction. The 90-
degree pulse lengths were 4 ys for the '’O channel and 2.5 ps for the
'H channel, respectively. Both the low frequency ('7O) and high
frequency ('H) channels were manually retuned and rematched at

least every other angular increment. All spectra were acquired at room
temperature (ca. 22 °C) with air cooling.

For each rotation axis, spectra were recorded with spectral width of
200 kHz and acquisition time of 0.02 s for L-alanine and spectral
width of 100 kHz and acquisition time of 0.04 s for p-alanine.
Between 256 and 512 transients were collected per spectrum, as
needed to maintain a consistent signal-to-noise ratio (SNR). The
rotation patterns were verified by observing smooth curves connecting
the recorded resonance frequencies and by comparing the spectra at
the starting and ending rotational positions, as well as key check
points such as 0°(—x") = 0°(y"), 90°(—«") = 90°(—2"), and 0°(—2")
= 90°(y"). Spectral calibration was carried out using an external
reference sample of tap water with the 'O chemical shift defined at
0.0 ppm.

The literature neutron-diffraction crystal structures”® were used as the
bases for the corresponding computed structures for L-alanine at 60 K
(278467.cif) and 295 K (278464.cif) and for p-alanine at 60 K
(278466.cif). The reference structure reported to be p-alanine at 295
K (278465.cif), was found to be the L-enantiomer, so a proxy for the
D-enantiomer was created by inverting the c-axis of the L-alanine. The
60 K p-alanine structure has the N—C*—C angle oriented opposite
those in the L-alanine structures, relative to the a-axis, so the literature
structure was transformed by rotation about the c-axis to obtain
equivalent computational starting points, where the only major
differences between the two enantiomer structures was the relative
orientation of the hydrogen and methyl groups on the chiral carbons
(C*). All crystal operations were carried out using VESTA.*
Conversion of the neutron structure.cif files to the CASTEP.cell
input files was completes using cif2cell.*®

Although it is common practice to optimize experimental crystal
structures prior to calculating magnetic parameters, we also calculated
the electric field gradient (EFG) and chemical shielding tensors for
the unoptimized structures to enable direct comparison with a
previous literature report.** These calculations were performed using
both the rPBE functional®® with a 650 eV cutoff and the PBEsol
functional with a 741 eV cutoff employing a 2 1 2 Monkhorst—Pack k-
point grid46 in both cases (see Su?porting Information).

The Electric Field Gradients’’ (EFG) and chemical shielding
tensors®® of both crystal enantiomers were computed through
ultrasoft pseudopotentials*®*’ using GIPAW (Gauge Including
Projector Augmented Waves) approach,”>*® as implemented in the
CASTEP-NMR package. The NMR parameters were then calculated
using eqs 8—11 and eqs 12—14 and the mutual orientation of the two
tensors was determined using eq 16.

For comparison, the EFG and shielding tensors were also
calculated using optimized neutron structures (see Supporting
Information). These calculations were conducted under 3D periodic
boundary conditions using the CASTEP software 7package,Sl employ-
ing the PBEsol exchange-correlation functional,””*>** and “precise”
basis set precision with automatic finite-basis-set correction®* and
Tkatchenko-Scheffler semiempirical dispersion correction.”® The
planewave cutoff energy was 741 eV, and a 2 1 2 Monkhorst—Pack
k-point grid was again used. During optimization, unit-cell parameters
were fixed to their literature values, while atomic positions were
allowed to relax.”°”*® The minor differences between the
experimental and optimized structures are summarized as root-
mean-square displacements in Table 2.

As shown in Figure 2, the unit cell for alanine has two
nonequivalent carboxylate O sites in each of the four molecules
of the unit cell, related by screw symmetry, leading to four
magnetically nonequivalent O nuclei in each site. As a result,
an independent resonance frequency is expected from each of
the magnetically nonequivalent O nuclei.
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(b) View along c-axis
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Figure 2. (a, b) Two views of the orthorhombic crystal structure of L-
alanine the crystallographically nonequivalent O sites, related by a
screw axis, labeled as O1 and O2. All the eight O nuclei are
magnetically nonequivalent. The arrows represent directions and
scaled magnitudes of the computed chemical shielding tensors in the
crystal frame. O, C, N, and H nuclei are shown in red, black, blue, and
white, respectively. (H nuclei on carbons omitted for clarity.)

(a) View along a-axis

¢

The single-crystal 7O NMR spectra for L-alanine rotation
about —x7, yT, and —z" axes are shown in Figure 3 and those
for p-alanine in Figure 4. A maximum of eight equally intense
transitions for each orientation of the single crystal were
observed, as expected from eight magnetically nonequivalent O
sites. While we were able to observe the satellite transitions
(see Supporting Information), limited time and resources
prevented us from measuring the systematic shift of satellite
transitions required to extract the quadrupolar ACS cross-
coupling terms. We believe that differences in the signal-to-
noise intensity between angles were related to relative sample
filling factor.

The correlations of the rotation plots and peak assignments
was assisted by the fact that the NMR chemical shift frequency
of each site remains the same for certain pairs of crystal
orientations (eqs 17—19), where the mountings are as shown
in Figure 1lc. The pairwise correlation is not obvious from the
spectra shown in Figures 3 and 4, since the crystal axes are not
generally aligned with the tenon axes, but it may be observed in
the rotation plots in Figures 5 and 6. This pairwise coincidence
results from NMR interactions being insensitive to rotation
parallel to the magnetic field axis.””

Mounting — " (® = 0°)=Mounting y* (© = 0°)

(17)
Mounting — x' (O = 90°)=Mounting — z" (@ = 90°)

(18)
MountingyT (® = 90°)=Mounting — Z' (0 =0°)

(19)

70 NMR Parameters. The optimized quadrupolar and
CSA parameters, along with their errors, were obtained by
fitting the central transition of each site using the Anagrsw of
Single-Crystal Spectra (ASICS) software package.”” The
rotation plots shown in Figures 5 and 6 were fit according to
eqs 6 and 7. Tables 3 and 4 summarize the optimized
coeflicients provided by ASICS for magnetically nonequivalent
O nuclei in L-alanine and p-alanine.

Table 5 summarizes the optimized experimental parameters,
with error limit estimated as 95% confidence intervals for
individual parameters, along with the DFT computations of

quadrupolar coupling and CSA parameters. Typical standard
deviations in the fitted experimental peaks were 0.063 ppm for
L-alanine and 0.029 ppm for p-alanine. The error bars for the
derived experimental parameters in Table S are determined
using the ASICS data-fitting program. In the “Analysis” mode,
the parameters may be scanned while monitoring deviation of
the fitted data. In most cases, this was a symmetric quadratic,
from which the 95% confidence intervals were extracted. In
ASICS, the NMR parameters are refined according to the
minimum x* (goodness of fit) deviation. The y* distribution is
also used to find the 95% confidence interval® for the
parameters. For two parameters, the confidence interval could
not be estimated as y* values for those parameters were not
distributed as a quadratic function and did not converge to a
minimum. The two anionic oxygen sites in the zwitterionic
alanine crystal have different orientations relative to the
cationic ammonium moieties and thus different hydrogen
bonding interactions, resulting in distinct magnetic environ-
ments, they have, consequently, distinct NMR parameters.

Overall, we observed good correlation between the
experimental and calculated values for the two enantiomers
of alanine. However, some discrepancies remain between the
experimental and calculated NMR parameters, even within the
95% confidence interval. In particular, the comparison reveals
disagreement in Cq and cg for at least one site. For Cq, the
largest deviation occurs at site O1, where the calculated value
is approximately 24% higher for the L-enantiomer and about
14% higher for the D enantiomer. A similar trend has been
reported in previous 7O studies of amino acid samples.®'

In the case of Jcg, the asymmetry parameter of the CSA
tensor, the largest discrepancy is again observed at site Ol,
with calculated values 63% higher for L-alanine and 50% higher
for p-alanine. Since NMR parameters are sensitive to the
chemical environments, the weaker H-bonding environment at
site Ol—involved in only one C=O--H—-N hydrogen
bond**—likely contributes to the observed differences
between the experimental and DFT-calculated values.”

Table S also presents values of Cq, 77, and J;, from previous
experimental studies using powder samples. The SCNMR
experimental 77, values obtalned from thls study show good
agreement with the MAS®* and DAS* measurements.
However, there is notable disagreement with the MQMAS
measurements>" for D-alanine, though the MQMAS measure-
ments also differ from other studies as well as from the
computational findings in this study. In contrast, the DFT
calculated NMR parameters reported here are in good
agreement with most of the experimental results.

The Cq and &, have been identified as reliable parameters
to assign sites O1 and 02.”° Given the nearly identical and
relatively large uncertainties in experimental Cq, values, and our
inability to determine 95% confidence interval for ;, in one of
the two L-alanine sites, we have turned to the asymmetry
parameter, 7)o, for the site assignment. This parameter is
particularly useful, as 1t is known to increase with the strength
of hydrogen bonding.®'

The Euler angles a, b, and ¢ agree well for both enantiomers
when compared with the calculated values. Specifically, the
angles b and c¢ align well with the computed value for both
enantiomers. The other angle, a shows the largest statistical
uncertainty, which is related to the inaccurate measurement of
Nes, - with experimental 7cg values having variation between
11 and 100% in statistical uncertainty. Due to the potential
ambiguity in the projection direction of the quadrupolar and

https://doi.org/10.1021/acsphyschemau.5c00061
ACS Phys. Chem Au XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsphyschemau.5c00061/suppl_file/pg5c00061_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.5c00061?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.5c00061?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.5c00061?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.5c00061?fig=fig2&ref=pdf
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.5c00061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Physical Chemistry Au

pubs.acs.org/physchemau

(a) (b)

165° 165°
mvwwmww/&wb\f\w e

150° 150°

135° 135°

()

180°

PVINURP N

165° A—\J

[EVEVORSVIYORN 1 WIS | VOB \WW

150°
M\

WM A A

lwww\ﬂ'wmkw ivom

o, Mﬂ

90° ‘ ( | ‘\
|
swtnepoppriess sl o] w.wJ U d ‘w ‘.W«‘ bl ‘.«Mw«vw\mw

|
75°

M -
45°

15° f‘
WWMWW VTN 1|

RTNT Mm»www

500 400 300 200 100 0 500 400 300
Chemical Shift | ppm

200 100 0 500 400 300 200 100 0
Chemical Shift | ppm

Chemical Shift | ppm

Figure 3. Single-crystal O NMR spectra at 14.1 T for L-alanine. The spectra were recorded at 15° increments for rotation about (a) mounting

—x", (b) mounting y”, and (c) mounting —z".

CSA principal axes, the Euler angles have been rotated by 180°
where necessary to allow direct comparison. The Euler angles
(¢, A, v) relating the principal axis frame of quadrupolar tensor
(PAF(Q)) to crystal axis frame were calculated using the

relationship

R(C: /1; U) =R_1((Z, ﬂ) }/)R(aQG; ﬂQG; }/Qg)

where the Euler triplet (a, f, 7) relates crystal axis frame with
goniometer frame and was found using X-ray diffraction. The
Euler triplet (aqg, oo 7qc) gives the orientation of PAF(Q)
to goniometer frame. Both sets of Euler angles are reported in
Tables 6 and 7.

In addition to the conventional CSA and quadrupolar tensor
values, our DFT calculations also yielded the antisymmetric
components of the chemical shift tensors for both 'O and "N
nuclei, as shown in Tables 8—10. These tables reveal that the
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Figure 4. Single-crystal 7O NMR spectra at 14.1 T for p-alanine. The spectra were recorded at 10° increments for rotation about (a) mounting

—«", (b) mounting y”, and (c) mounting —z".

antisymmetric chemical shift tensor components of 'O and
"N nuclei exhibit relationships such as ¢%5(L) = —c5*(R)
and 0°5(L) = —00"5(R) between the two enantiomers. This
confirms the mirror reflection symmetry relating the electronic
environments of the two enantiomers across the xy plane. To
depict the computed ACS tensors for the alanine enantiomers
in their respective crystal frames, we employ the pseudovector
components resulting from the contraction of ACS tensor o‘ACS
and Levi-Civita symbol &;; according to eqs 20 and 21:°

ACS
Vi = &,05 (20)
giving,
ACS ACS ACS
Va=20,7 V= 20,7, Vo= 20, (1)

Figure 7 shows the pseudovectors that are dual of the DFT
computed ACS tensors for sites O1 and O2, highlighting the
mirror plane symmetries of the L- and D-enantiomers, and
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The curves are constructed from optimized coefficients (see Table 3).

N NMR Parameters. Unfortunately, our efforts to

demonstrating the antisymmetry of the ACS tensors in chiral observe the low-sensitivity '*N nucleus in chiral systems have
systems. The calculated tensors are given in Tables 8 and 9. thus far been unsuccessful, although we were able to detect '*N
H https://doi.org/10.1021/acsphyschemau.5c00061

ACS Phys. Chem Au XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsphyschemau.5c00061?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.5c00061?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.5c00061?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.5c00061?fig=fig5&ref=pdf
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.5c00061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

301 Site 1 —— Site 2
254
N
< ~
~ 201 >|<
= o S
= o Q )]
n S £
— - o s
© c
g 154 O S
= o
o - O _/ z
< i A &
@) S A = /O
101 P
£ A
5
30
Site 1 —— Site 2
A
9, S A
A
254
& = S
i N 8
E X
~ N
\‘ ~
= 20 [ >
!E’ (@) (o))
< c
i N X 5
_g . /e’—\e\ 8
€ 15 g 2 < s
[ g——0 = N
< J |
U [
10 X /CI
N O
9 ﬁ\& g
5 g
301
254
T
~ ~
> b
£ 20
< o
n £
© €
£ 3
© 154
o =
(@]
104
Site 1 —— Site 2
5
0 25 50 75 100 125 150 175

Angle / degrees
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in the highly symmetric environment of ammonium chloride. sitions (I1)<10) and 10)<>I—1)), and a relatively large
The N nucleus (I = 1, yy = 1.934 X 10" rad T~ s7*) has a quadrupolar coupling constant (Cg). These factors contribute
low gyromagnetic ratio, two nonsymmetrical satellite tran- to line broadening and signal loss, making '*N in an
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Figure 7. Depictions of (top) the shielding tensor eigenvectors and
(bottom) the ACS pseudovectors for the O1 and O2 oxygen sites,
and the nitrogen site in (left) L-alanine and (right) p-alanine, where
Vil a, V, |l b,and V_ || c. The tensors at the N site are scaled by a
factor of 20 so they are visible on the same scale as the O tensors. The
coordinate axes in the pseudovector depiction have been rotated so
that the structural symmetry is emphasized. Note that the V,
pseudovector on O1 is obscured by the atom and the V, pseudovector
on O2 is very small. C, N, O, and H atoms are shown in black, blue,
red, and white, respectively. All hydrogens, except that on the chiral
carbon, have been omitted for clarity.

asymmetric environment particularly challenging to detect.*"**

However, the good correlation for 70 between experimental
and DFT results provides some confidence for the calculated
tensors for '*N given in Table 10, particularly given the good
agreement between calculated and experimental Cq and 77q
values.”” The chemical shielding eigenvectors and ACS
pseudovectors for the N site are also depicted in Figure 7.

In this study, we investigated the quadrupolar and chemical
shielding tensor components of '"O-enriched alanine enan-
tiomers using single-crystal ssNMR spectroscopy. Eight
magnetically inequivalent 'O sites, as predicted by X-ray
crystallography, were successfully identified and analyzed for
their NMR tensor parameters. The experimental analysis
performed using the ASICS software package, as described in
the Analysis of SCNMR Spectra section, was further supported
by DFT calculations. The DFT calculations not only showed
good correlation with experimental NMR parameters but also
aided in assigning the crystallographically nonequivalent 7O
sites, thereby validating the spectroscopic findings.

This study provides, for the first time, an extended and
detailed characterization of the crystallographically distinct '’O
nuclei in alanine enantiomers. The obtained NMR parameters
are in good agreement with previous studies, reinforcing the
robustness of our approach. Although the antisymmetric
chemical shift (ACS) tensor components could not be directly
extracted from the ssNMR experiments—since only the central
transition of the spin-5/2 '"O nucleus was analyzed, which
lacks ACS contributions—the DFT results revealed the
presence of off-diagonal ACS elements (e.g., ofzcs = —GZAyCS
in the crystal frame. These components reflect the mirror-
symmetric electronic environments characteristic of the optical
isomers.

Table 3. Optimized Coefficients (in kHz) for '’O Rotation Data of r-Alanine (up to 3 Significant Figures)

mounting nucleus A B
— 1 14.7 —3.37
& 20.2 -1.06
-7 20.6 10.9
—xT 2 15.1 -3.05
& 17.8 3.54
-7 19.4 9.26
-7 3 17.9 1.69
& 13.7 —2.99
—2T 18.6 —0.238
— 4 114 4.52
¥ 142 -3.35
—2T 20.2 -2.81
- 5 18.6 —-1.19
& 17.0 —3.58
-7 13.8 1.36
—xT 6 13.5 9.16
& 16.1 —-3.60
-7 13.3 0.387
—xT 7 9.90 —2.60
yr 17.8 —5.53
-7 13.5 0.0178
— 8 8.95 -2.69
yr 14.0 -2.32
-7 12.8 1.35

C D E
—1.05 —4.51 4.25
3.90 8.08 2.59
2.99 0.0857 0.151
0.266 —4.81 5.09
—3.81 7.41 —1.81
0.309 0.972 0.523
2.62 8.68 -2.39
—4.76 —2.61 —1.80
—10.1 -1.17 0.00316
—4.75 1.77 —5.42
—3.13 -3.54 —-17§
—-114 0.125 0.289
—4.39 0.646 —8.69
3.85 —6.80 0.814
—1.27 0.00303 2.00
-2.22 5.72 —4.05
2.31 —5.84 3.21
—0.628 0.812 —0.167
2.00 0.187 0.391
—1.83 5.76 —4.37
0.0635 0.00522 —0.667
1.82 0.333 0.188
0.210 541 1.76
0.0144 —-1.04 —0.714
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Table 4. Optimized Coefficients (in kHz) for '’O Rotation Data of p-Alanine (up to 3 Significant Figures)

mounting nucleus A B
—xT 1 14.7 7.22
& 16.8 -2.66
-7 17.7 5.26
—xT 2 15.6 5.46
¥ 15.5 —1.64
—27 16.4 5.96
—xT 3 15.2 0.0720
¥ 17.3 -1.32
-z 17.9 10.7
—x 4 15.0 0.311
& 184 -2.32
-z 16.5 10.1
—xT 5 13.6 -2.57
¥ 172 -131
—z 15.6 —0.358
—x 6 11.4 -2.15
a 15.8 —0.694
—2T 15.0 —1.94
—x 7 10.9 —2.86
& 15.1 —8.97
-z 15.0 —0.337
—x 8 10.9 —0.0933
s 13.3 —-7.79
-7 15.5 1.93

Our findings demonstrate the utility of combining SCNMR
spectroscopy with DFT calculations to discern subtle differ-
ences in electronic environments between enantiomers. This
capability underscores the power of SCNMR for probing chiral
molecular systems such as amino acids. Future studies may
focus on analyzing all satellite transitions of '’O nuclei in chiral
environments to experimentally access ACS contributions
through Quadrupolar—ACS interactions.'” Such interactions
can produce observable features in the angular-dependent
rotation patterns of single-crystal ssNMR spectra, in addition
to the conventional first- and second-order quadrupolar and
CSA effects. Furthermore, we propose extending this method-
ology to N SCNMR at higher magnetic fields, where
enhanced sensitivity and resolution may enable clearer
observation of quadrupolar broadening and magnetic shielding
anisotropy. These studies could provide deeper insights into
antisymmetric shielding effects and their potential role in chiral
selection mechanisms, offering a plausible explanation for the
enantiomeric excess of L-amino acids observed in carbonaceous
chondrite meteorites—and thus contributing to our under-
standing of prebiotic chemistry in astrophysical environments.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphyschemau.5c00061.

Tensors in PAF, alanine labeling method, mass
spectrometric analysis, X-ray orientation of p- and L-
alanine, computational model comparison, NMR satel-
lite spectrumand NMR pulse program used for data
collection (PDF)
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=3.12 1.49 =7.19
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8.18 0.555 0.773
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Table 6. Experimental Euler Angles Relating the PAF(Q) to
Goniometer and Crystal Axis Frame for Magnetically
Equivalent 7O Nuclei for Two Crystallographically
Nonequivalent Sites in L-Alanine

site nucleus Qg Bac Yac ¢ A v
1 1 48 47 336 82 66 73
2 310 24 102 -12 11 -1
3 129 S0 203 -85 68 =22
4 118 7 58 79 28 34
2 1 263 9 150 —24 30 11
2 223 1 2 —46 34 28
3 170 38 323 20 64 60
4 145 56 38 6 42 —54

Table 7. Experimental Euler Angles Relating the PAF(Q) to
Goniometer and Crystal Axis Frame for Magnetically
Equivalent 'O Nuclei for Two Crystallographically
Nonequivalent Sites in D-Alanine

site nucleus Aqg Pac 7qG ¢ 4 v
1 1 304 21 80 67 78 25
2 308 19 80 71 79 23
3 248 35 80 8 71 37
4 -90 39 70 20 75 44
2 1 318 39 348 -2 122 31
2 210 19 19 -84 98 25

3 37 36 180 88 66 -20
4 342 66 40 70 94 73
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Table 9. Calculated quadrupolar (in MHz) and Chemical Shielding (CS) Tensors (in ppm), Rounded to Three Decimal

Places, for One of the Magnetically Equivalent '’O Site for Crystallographic Site O2 in Enantiomers of Alanine
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Table 10. Calculated quadrupolar (in MHz) and Chemical Shielding (CS) Tensors (in ppm), Rounded to Three Decimal

Places, for One of the Magnetically Equivalent '*N Site in Enantiomers of Alanine
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