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ABSTRACT: Chirality plays a fundamental role in numerous
scientific fields, yet the electronic structures of chiral compounds,
particularly pairs of enantiomers, remain understudied. In this
study, we address this gap by investigating the electronic structure
of a chiral pair through single-crystal nuclear magnetic resonance
(NMR) spectroscopy, complemented by X-ray diffraction and
density functional theory (DFT) calculations. The combination of —N
these techniques allows for the precise determination of the
electronic environments of chiral molecules, offering direct insights
into the subtle differences between enantiomers. Our results
demonstrate the robustness of the capacity for experiment and
computation to combine in resolving the NMR interaction tensors
of enantiomers. This study advances our understanding of the
chiral electronic structures of high-spin nuclei and the effects of chirality in various scientific contexts, although the potential for
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single-crystal NMR in stereochemical analysis remains a challenge for high-spin nuclei in asymmetric environments.

B INTRODUCTION

Chirality plays a fundamental role in nature and in our lives.
Amino acids—the building blocks of proteins essential to all
living organisms—are chiral (except glycine), and this
molecular handedness profoundly influences biological pro-
cesses. For instance, the binding of drug molecules in the
human body is highly dependent on their stereochemistry.
This insight has driven the rapid development of single-
enantiomer drugs." Beyond pharmacology, chirality is also
critical to how our nervous system interprets signals from
olfactory receptors and taste buds.”” Despite its significance,
the origin of biological homochirality’ remains an open
question in science.

One promising avenue of research involves using nuclear
magnetic resonance (NMR) spectroscopy to study quad-
rupolar and chemical shift tensors in chiral compounds. These
studies, often supported by density functional theory (DFT)
calculations, may have far-reaching implications in fields such
as astrobiology, pharmaceuticals, materials science, and food
safety.”~" This study investigates these tensors in a pair of
enantiomers, offering new insights into the role of chirality in
NMR spectroscopy and its broader scientific impact.

A key motivation for this work lies in the theoretical
prediction that chemical shielding—particularly the antisym-
metric chemical shielding (ACS) components—can differ-
entially influence nuclear interactions in chiral environments,
especially under high electric and magnetic fields. This concept
is central to the so-called magnetochiral model,’ which
proposes that such field-induced asymmetries could impact
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nuclear reactions involving relativistic polarized leptons. One
example is the reaction *N + 7, » *C + e*, which has been
proposed as a potential mechanism contributing to the
enantiomeric excess of L-amino acids in certain carbonaceous
chondrite meteorites'”'" by preferential destruction of the D-
enantiomer.

While NMR spectroscopy is a powerful tool for studying the
electronic structure of molecules, its application to chiral
systems has been limited. This is primarily because the
distinguishing feature of chirality in NMR arises from the
antisymmetric component of the chemical shielding tensor
(ACS),"” which has rarely been directly observed. The
chemical shielding tensor has the ability to differentiate
between enantiomers when fully considering all the compo-
nents including the antisymmetric parts.””~"> Given that there
is no firm theoretical basis for CPMAS to discriminate between
enantiomers, the best chance to differentiate them is by
studying their ACS tensor components,'® as there is no
evidence that the symmetric parts of NMR tensors alone can
do so. To date, ACS contributions have only been indirectly
inferred through relaxation studies in solution-state NMR'”"*
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or, with large uncertainties, from quadrupolar-ACS cross-
correlation data in single-crystal **Co NMR."”

The limited experimental ACS-component data are
primarily a result of the ACS components’ contribution
through second-order perturbation effects, which makes their
influence on conventional spin-1/2 NMR spectra relatively
small. Even for quadrupolar nuclei (I > 1/2), measurement of
the ACS components requires observing the satellite
transitions, which are often weak and sensitive to NMR
experimental parameters.20

In this work, we have investigated the quadrupolar tensor
and the chemical shielding anisotropy (CSA) constituent of
the chemical shielding tensor, along with their relative
orientations for "B (I = 3/2, y,;5 = 8.58 X 107 rad T™'s™),
providing a complete magnetic picture of the ''B nuclei in the
crystal structure of B,B,B,B-8-hydroxyquinoline-bis-isopinocam-
pheyl-borane (8-HQ(ipc),B). Complementary to experimental
methods, electronic structure calculations such as density
functional theory (DFT) continue to play a vital role in
deepening our understanding of shielding tensors and the
internal electronic environments of chiral systems.”' We have
compared the experimental results with computations of the
relevant NMR interaction parameters in periodic model
systems based on the published crystal structure.”” Exper-
imentally, we were ultimately unsuccessful in measuring the
ACS tensor components. From the DFT calculations, which
included the GIPAW method™® as an overlay to compute the
NMR and electric field gradient (EFG) tensor, we obtained
that ACS tensor information along with the conventional
quadrupolar and chemical shift anisotropy tensor components.
GIPAW results have been shown to be comparable to
experiment for CSA and J-coupling.'”** In the case of the
chiral enantiomeric pair, we observed that while the
quadrupolar, CSA, and absolute values of the ACS components
were identical for both, the signs of the ACS components were
reversed, reflecting their inherent handedness.

To carry out this investigation, we sought a relatively
sensitive quadrupolar nucleus in a chiral environment.
Ultimately, we selected the (+,+) and (-,-) enantiomers of 8-
HQ(ipc),B. This compound is a derivative of a commonly
used chiral catalyst, so the enantiomerically pure precursors
were commercially available. An important advantage of the 8-
HQ(ipc),B compound is that the hydroxyquinolyl nitrogen is
quadrupolar (I = 1) and in the boron coordination sphere.
Having both nuclei provided the potential opportunity to
examine the impact of an antisymmetric environment on nuclei
not directly bonded to optically active centers—the aromatic
nitrogen is trigonal planar and thus not inherently chiral—as
well as any J-coupling between the B and N quadrupolar
nuclei.

Our attempts to observe the inherently low-sensitivity '“N
(y = 1.93 X 10" rad T™' 57') nucleus in this molecule were
unsuccessful. Our probe did not produce observable signals at
14.1 T, although it successfully detected a strong signal from
ammonium chloride, which is highly symmetric and has a
negligible quadrupolar coupling constant. Decreasing the
symmetry of the nuclear-shielding environment broadens the
resonance signal. The Larmor frequency of "N at this field
strength is only 42 MHz. In many cases, it is difficult to detect
the N signal from nitrogen atoms in amide groups, which
typically exhibit quadrupolar couplings of around 3.2 MHz.
Furthermore, tuning for low-y nuclei like N can be
significantly affected by the quality of chip capacitors used in

the probe. Unfortunately, despite our efforts, no nitrogen signal
was observed from the target compound crystals under these
conditions, as the resonance peaks are broadened into the
baseline beyond the limit of detection.

B THEORY

The NMR rotating frame Hamiltonian of an isolated
quadrupolar nucleus, considered in the Zeeman interaction
frame and excluding any dipolar or J-coupling interactions,
includes contributions from chemical shielding and quad-
rupolar interactions and is expressed as™®

~ Total ~ (1) ~ (2) ~ (1)

Hpow =Hq +Hy + Hesa (1)
with
o () Q
H, =y RIBE-II+ 1} vy, = ———
Q ZQ 2,0{ z ( )} ){Q 21(21_ l)fl
(2)
P 1 20 pa 2
Hy =——x5 [RERELIAIT + 1) =8I — 1)
20, ,— 12,
+RSLLRBL2II + 1) — 27 — 1}] (3)
and
(1) CsA
Hesa = (0o + Ry )YBJL (4)

L) a0 e
In the above equations, H, , H , and W(cs) , represent the

first-order quadrupolar interaction, second-order quadrupolar
interaction, and first-order chemical shift interaction, respec-
tively. The term O, denotes the isotropic chemical shift, and
the components Rf,ﬂ (with £ = CSAor Q,and 1 =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, eQ is the nuclear quadrupole moment, y
is the gyromagnetic ratio, and @, is the nuclear Larmor

frequency. The tensor components Rf’ » defined in the

laboratory frame, can be related to the corresponding Gf} i

tensor components defined in the goniometer-tenon frame
through a single-step tensor rotation usin§ the polar angle 6
and an azimuthal angle ¢ according to'*”

Goniometer frame
(¢,6,0°) )
—— Laboratory frame (B, along the z-axis) (5)

After explicitly performing this transformation and reexpressing

Gf} , defined in the polar coordinate frame into Glfm (where m

and n are x, y, or z) in the Cartesian frame for easier

interpretation, the expression for Rf, AandRi ﬂRf, ,, can be

written as follows:

zz

1. _csa CSA CSA
5. =—(G G G
iso 3 ( + G, + yy ( 6)
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(10)
The relevant expressions used to interpret the -x” rotation
(0 =-0; ¢ =n/2), y" rotation (0 = ©; ¢ = 0), and -z” rotation
(0 = n/2; ¢= -O) patterns for the transitions of 'B (I = 3/2)
can be derived from the equations above. Here, ® represents
the rotational angle applied experimentally by rotating the
crystal about an axis that is oriented 90° relative to the external
magnetic field (see Figure 2). For the central transition, all
three rotation patterns can be simplified to the following
expressions, incorporating the first-order CSA and second-
order quadrupolar contributions:

v = A% + B%%05 20 + C4sin 20
1 1
2)=1-3) (11)

V‘?z 1> = A% + B%0s 20 + C%:in 20 + D%os 40

+ E%in 40 (12)

where a € {-x", y", -z"} and the coefficients I" fn (withT' = A, B,

C,-++,E) are defined in terms of the G,fm tensor components, as

given in eqs 6—10. Note that the dominant first-order
quadrupolar Hamiltonian vanishes for symmetric transitions

suchas |+ ) & | — =), due to its quadratic dependence on I7.
2 2 z

The CSA and quadrupolar tensor parameters Gfm (3x3
matrices) in the goniometer-tenon frame are obtained by
performing least-squares curve fitting of the experimentally
acquired -7, yT, and -z" rotation patterns using the expressions
above. Subsequently, the tensor parameters in the principal
axis frames (PAFs) of both the CSA and the quadrupolar
tensors can be obtained by matrix diagonalization. These
principal components represent unique molecular properties
and provide a generalized framework for describing the
corresponding NMR tensor interactions. In the principal axis
frame (PAF), the CSA and quadrupolar tensors can be
represented as follows:

1
0., =—(0;,+0,, +0
iso 3( 11 22 33) (13)
Ocs = 033 — Oio (14)
L b
cs Scs (15)
with the convention®®
|533 - 5isol Z |511 - 5isol Z |522 - 5is0| (16)
for CSA and
Cq = Qs
h (17)
L = VeV
¢V, (18)
with the convention
Vsl > V| > 1V, (19)

for the quadrupolar tensors. Here, 65;3 and V[gn denote the
CSA tensor and electric field gradient (EFG) tensor,
respectively, each defined in its corresponding PAF, where
the subscript 11 corresponds to ax, 22 to yy, and 33 to zz in
eqs 6—10.

Tensors defined in the principal axis frame (PAF) and the
goniometer-tenon frame are related through unitary trans-
formation. Typically, the PAF of the quadrupolar interaction is
used as a common reference frame, through which the PAF of
the CSA tensor—and, if available, the crystal axis frame
determined by X-ray crystallography—can also be expressed.
By using the crystal axis frame as the shared reference, both the
quadrupolar and CSA PAF can be transformed to the
goniometer-tenon frame, where the crystal is physically
mounted using the following tensor transformations:

a,b,c
PAF(CSA) % PAF(Q)

(&dv) .
—— Crystal axis frame

(a,8,7) .
——> Goniometer frame
(Rotating frame) (20)

Two tensors A and B that are related by three consecutive
passive rotations involving a Euler’s angle set (ay, 3, 71) can be
expressed by a unitary transformation as

https://doi.org/10.1021/acs.jpca.5c03645
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Scheme 1. Synthesis of 8-HQ(ipc),B

MeOH
_>

0°C, 2 hrs /
~22 °C, 12 hrs

B = R(ap ﬂl) ]/I)AR_I(al) ﬂl) 71) (21)

where R(a,, f3,, 7,), the rotation matrix, is defined as*®™**

R(ay, ﬂlz }’1) =
caicPey, — sasy,  sopcPien + cagsy,  —sPiey,
—caeflsy, — sapcy,  —socPsy, + caey,  sPsy,

casp, sasp, o, (22)
where ¢ = cosf and s6 = sinf.

B EXPERIMENTAL DETAILS

Synthesis of (+,+)- and (--)-8-HQ(ipc),B. The fluores-
cent yellow-green (+,+) and (-,-) enantiomers of 8-HQ(ipc),B
were individually synthesized following the procedure
previously described”” from the corresponding B-methoxydii-
sopinocampheyl-borane enantiomer (Santa Cruz Biotechnol-
ogy) and 8-hydroxy-quinoline (99% purity, Thermo Scien-
tific). The reaction and conditions are given in Scheme 1. The
crude product was collected by vacuum filtration. The molar
optical rotations of the (+,+) and (--) enantiomers were
measured by polarimetry in acetone solution at 589 nm to be
S8 + 5° mol™ cm™" and =53 + S° mol™" cm™', respectively,
Figure 1.

(a) (--)-8-HQ(ipc),B

(b) (+,+)-8-HQ(ipc),B

Figure 1. Structures of the 8-HQ(ipc),B enantiomers with absolute
configurations for each chiral center used in this study.

Single crystals for each enantiomer were prepared separately
by dissolving the product in methanol, heating to 40°C,
filtering, cooling, and placing in a 4°C refrigerator to grow
crystals using the slow evaporation method. After about 4—5
weeks, the crystals were harvested. The crystals were quickly
washed with cold methanol to remove any surface impurities
and stored at room temperature away from light as
photosensitivity of the compound was observed. Single crystals
for the study were screened using the cross-polarized light
microscopy technique™ to check for twinned and polycrystals;
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
3 X 3 X 2 mm® for (--)-8-HQ(ipc),B and 3 X 2 X 1 mm?® for

(+,+)-8-HQ(ipc),B. The single crystals were glued to a tenon
plate using epoxy resin.

Single-Crystal X-ray Diffraction. The lattice structure
parameters were determined using powder X-ray diffraction
(XRD) analysis at the Electron Microbeam Analysis
Laboratory (EMAL), University of Michigan. Powdered (-,-)
and (+,+)-8-HQ(ipc),B samples were analyzed in reflection
mode in Bragg—Brentano geometry on a Rigaku Ultima IV X-
ray diffractometer. The Cu anode X-ray beam (40 kV, 44 mA)
was filtered by a 20 pm thick nickel foil to remove Cu Kp,
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 5° to 70°
with a step size of 0.02° at a scan rate of 1° min~". The unit cell
parameters (a, b, ¢, @, §, y) were recovered by assigning the
appropriate triple of Miller indices (hkl) to each observed
interplanar spacing (d,;). The indexing process was performed
using EXPO2014°" via the N-TREOR09 program,” the
evolution of the N-TREOR software.*

Table 1. Crystallographic Data for 8-HQ(ipc),B

Empirical formula  C,,H,,BNO
Formula weight 429.43

Temperature 293 (2) K
Crystal system Monoclinic
Space group S, C121

Cell lengths a=20.333 (4) A, b=10955 (2) A, ¢ = 12.550 (3) A
Cell angles a=y=900"° f=109.836 (13)°
Z 4

Cell volume 2629.5 (10) A3

The orientation of the single crystals was determined by
using the so-called “Omega-Scan” method. Briefly, the crystal
and its tenon-plate support were mounted on a thin-film stage
of a Rigaku Ultima IV diffractometer with a straight edge of the
plate parallel to the goniometer rotation axis. The specimen
was rotated by 360° around a defined axis, for example, the
surface normal (¢ scan). The angular positions of the
reflections were used to evaluate the orientation of the crystal
lattice (completely described by three angles) in relation to the
tenon-plate axis.

Powder XRD confirmed that the unit cells match the
reported crystal structure” of 8-HQ(ipc),B, given in Table 1.
The surface normal and edge plane directions of the mounted
crystals were used to find the orientation matrix and eventually
the orientation of the crystal axis systems relative to the tenon
axis systems. The Euler angles relating the crystal axis frame to
the goniometer frame for the (+,+)-8-HQ(ipc),B crystal are
153.5°, 153.4° and 179.9°, and for the (--)-8-HQ(ipc),B

https://doi.org/10.1021/acs.jpca.5c03645
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(b)

RF Coil
Goniometer

Figure 2. (a) Photograph of the front view of the probe. The arrow
shows the rotation of the goniometer inside the RF coil. Inset shows
(+,+)-8-HQ(ipc),B crystal glued to the tenon. The tenon is mounted
on three different orientations in the goniometer so that three
orthogonal rotations of the sample could be achieved. (b) Photograph
of the side view of the probe showing the 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 (subfigure reproduced from ref 26. Available under a CC
BY 4.0 license. Copyright Vosegaard, T.).

Table 2. Average Root-Mean-Square Deviations in Nuclear
Positions after Optimization of (-,-)-8-HQ(ipc),B from the
Literature Crystal Structure

Nucleus # centers RMS deviation/A
H 160 0.042
B 4 0.009
C 116 0.035
N 4 0.028
O 4 0.022
All 288 0.038

crystal are 280.0°, 45.0°, and 180.0° (see the Supporting
Information for details).

Single-Crystal NMR Spectroscopy. 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
2a,b), developed at the NHMFL, was used for the measure-
ments. 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 that was employed for the
measurements. Initial tuning configurations were made for
'"H-"N, '"H-"0, and 'H-"'B. Detailed descriptions of the
low-E coil and probe circuitry are available elsewhere.**

This probe was optimized for ''B 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 single-crystal NMR spectra across defined rotation
patterns. The mounting configuration was designed to allow
positive rotations of the tenon about the e yT, and -z7 axes,
as defined by the dovetail pattern inscribed in the
goniometer.35

Sample rotation was driven by a worm gear arrangement,
consisting of a modified 72-tooth aluminum spur gear with a
0.600 in. pitch diameter and 0.062 in. face width
(manufacturer part number LAA-K1—72 from Nordex, Inc.).
A brass worm screw was machined to rotate the spur gear, with
a major diameter of 0.125 in. and 40 threads per inch pitch.
Each full rotation of the worm screw turns the goniometer
stage by 5°. A counterdial mounted to the base of the probe
allows the user to read angular adjustments in 0.1° increments.

Three goniometer stages, providing x, y, and z sample
orientation, were machined from unfilled PEEK polymer and
attached with screws to the spur gear so that the sample rotates
close to the detection solenoid axis and at the middle turn of
the coil. Each goniometer stage features a mortise slot into
which the sample tenon mount can firmly inserted. The sample
tenon was machined from Rexolite 1422 cross-linked
polystyrene, which exhibits excellent dielectric properties and
RF transparency at microwave frequencies. Rexolite also

Table 3. Calculated Quadrupolar (in MHz) and Chemical Shielding (CS) Tensors (in ppm), Rounded to Three Decimal
Places, for One of the Magnetically Equivalent ''B Pairs in Enantiomers of 8-HQ(ipc),B

Enantiomer
Tensor (--)-8-HQ(ipc),B (+,+)-8-HQ(ipc),B
—-0273 1.787 1.062 —-0.273 —1.784 1.063
Quadrupolar 1.787 —0.056 0.253 —1.784 —0.059 -0.254
1.062 0253 0.329 1.063 —0.254 0.331
90.564 4.067 1.696 90.594 —4.048 1.716
Total CS —2.082 84.482 6.711 2.106 84496 —6.704
—4.059 2216 76986 —4.052 -2216 77.027
84.011 0 0 84.039 0 0
Isotropic CS 0 84.011 0 0 84.039 0
0 0 84.011 0 0 84.039
90.564 0993 -—1.182 90.594 —0.971 —1.168
Symmetric CS 0993 84.482 4.464 —0.971 84496 —4.460
—1.182 4464 76986 —1.168 —4.460 77.027
0 3.075  2.877 0 -3.077 2.884
Antisymmetric CS -3.075 0 2.247 3.077 0 —2.244
—2.877 —2.247 0 —2.884 2244 0
10605 https://doi.org/10.1021/acs.jpca.5c03645
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Table 4. Calculated Quadrupolar (in MHz) and Chemical Shielding (CS) Tensors (in ppm), Rounded to Three Decimal
Places, for One of the Magnetically Equivalent '*N Pairs in Enantiomers of 8-HQ(ipc),B

Enantiomer
Tensor (--)-8-HQ(ipc),B (+,+)-8-HQ(ipc),B
0.670 —0.054 -—0.729 0.671 0.085 —0.730
Quadrupolar —0.054 0.903  0.008 0.055 0.903 —0.009
-0.729 0.008 —1.573 -0.73 -0.009 -1.575
54.663 —171.000 —41.720 54.548 171.093 —41.663
Total CS —176.101 —10.025 65.249 176.228 —10.211 —65.303
—50.172 59.397 —101.142 —50.105 —59.473 —101.176
—18.835 0 0 —18.946 0 0
Isotropic CS 0 —18.835 0 0 —18.946 0
0 0 —18.835 0 0 —18.946
54.663  —173.551 —45.946 54.548 173.661 —45.884
Symmetric CS —173.551 —10.025 62.323 173.661 —10.211 —62.388
—45.946 62.323  —101.142 —45.884 —62.388 —101.176
0 2.551  4.226 0 —-2.567 4221
Antisymmetric CS —2.551 0 2.926 2.567 0 -2915
—4226 —2.926 0 —4.221 291§ 0

Figure 3. Monoclinic crystal structure of 8-HQ(ipc),B with
crystallographically equivalent B nuclei labeled as B1. The sets of
magnetically nonequivalent B nuclei and their chemical shielding
tensors are represented in orange and green colors. (The selection of
magnetically nonequivalent pair is arbitrary.) The arrows represent
directions and scaled magnitudes of computed chemical shielding
tensors in the crystal axis system. B, C, N, and O nuclei are shown in
pink, gray, blue, and red, respectively. (H nuclei omitted for clarity.).

features good bonding properties, so that the sample can be
readily epoxied to the tenon mount, which can accommodate a
maximum sample size of 4.4 X 4.4 X 2.5 mm®. Figure 2 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 rotations were performed from 0° to 360° in 10°
increments using a worm gear mechanism, controlled by
adjusting a micrometer scale located at the bottom of the
probe and connected to the gear via a shaft. To minimize
backlash error, all rotations were carried out in a single
direction. The 90° pulse lengths were 2.5 us for the ''B

10606

channel and 3.2 us for the 'H channel, respectively. Both the
low-frequency (''B) and high-frequency ('H) channels were
manually retuned and rematched at least every other angular
increment. Any retuning was minor, and was required, we
believe, due to small changes in the filling factor of the sample
and mount in the probe detection volume. All spectra were
acquired at room temperature (%22° C) with air cooling. For
both enantiomers (+,+) and (-,-)-8-HQ(ipc),B, spectra were
recorded along each rotation axis using a spectral width of 40
kHz and an acquisition time of 20 ms. Between 128 and 1024
transients were collected per spectrum with an acquisition
delay time of 1 s, 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°(-x") = 90°(-z"), and 0° (-z") = 90°(y").
Spectral calibration was carried out using an external reference
sample of boron trifluoride etherate (BF;0Et,) in CDCl; with
an "B chemical shift of 26.9 ppm.

Computational Modeling. The literature X-ray crystal
structure™ of (-,-)-8-HQ(ipc),B was used as the basis for the
analogous computed structure. As the atom positions in the X-
ray structure are somewhat uncertain—heavy atoms’ positions
occupy a thermal ellipsoid and the hydrogens’ positions are
inferred—the starting X-ray structure was optimized under 3-
dimensional periodic boundary conditions using a plane-wave
density functional aépproach, as implemented in the CASTEP
software package,’® using the PBEsol exchange-correlation
functional’” —*” with “precise” basis precision and automatic
finite-basis-set correction.”” Three k-points were used for
Brillouin-zone sa.mpling.41 During optimization, the unit-cell
parameters were fixed at the literature values, and the nuclear
positions allowed to relax.”*~** The minor differences between
the literature and optimized structures are summarized as root-
mean-square displacements, as shown in Table 2. The
structure for the (+,+) enantiomer was generated from that
of the (-,-) structure by reflection of the coordinates across a
plane perpendicularly bisecting the v-axis. The electric field
gradients”™ and nuclear magnetic shielding tensors'® of both
crystal enantiomers were calculated using ultra-soft pseudopo-

https://doi.org/10.1021/acs.jpca.5c03645
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Figure 4. ''B NMR spectra at 14.1 T for (-,-)-8-HQ(ipc),B. The spectra were recorded at 10° increments for rotation about (a) mounting -x”, (b)
mounting y”, and (c) mounting -z

tentials"”*® using the GIPAW (Gauge Including Projector was sufficient as all ""B—"*N bonds are symmetrically related
Augmented Waves) approach”>*’ as implemented in the and chemically identical.

CASTEP-NMR package. The calculated tensors are given in

Tables 3 and 4. B RESULTS AND DISCUSSION

The NMR parameters were then calculated using eqs 13—16

As shown in Figure 3, the unit cell for 8-HQ(ipc),B has one
and eqs 17—19 and the mutual orientation of the two tensors

crystallographically equivalent site with two pairs of magneti-

. . . . P .

using eq 21. Spin—Spin coupling calculations™ were carried cally nonequivalent boron nuclei related by screw symmetry.

out with the nitrogen center as the perturbing nucleus, Thus, two resonance frequencies from magneticany non-

specifically to probe the ''B—'*N interaction. A single center equivalent boron sites are expected. Also shown in the figure
10607 https://doi.org/10.1021/acs.jpca.5c03645
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Figure 5. ''B NMR spectra at 14.1 T for (+,+)-8-HQ(ipc),B. The spectra were recorded at 10° increments for rotation about (a) mounting -x7,

(b) mounting y”, and (c) mounting -z™

are the calculated orientations of the chemical shielding
anisotropy tensors of the boron sites.

Since each boron nucleus is bonded to a N (I = 1, natural
abundance ~ 99.6%), most orientations of an 8-HQ(ipc),B
single crystal in an external magnetic field are expected to show
a 1:1:1 spin—spin coupled triplet for the central transition

(’%> o ’ - %>) from each magnetically nonequivalent sites

in the ''B NMR spectra. The single-crystal ''B NMR spectra

10608

for (-,-)-8-HQ(ipc),B rotation about the -x”, y”, and -z" axes
are shown in Figure 4, and those for (+,+)-8-HQ(ipc),B are
shown in Figure 5. While the spectra were recorded for 0°—
360° rotation, only data from 0°—180° are shown.

The assignment for individual resonances in each spectrum
required for the rotation plots (see Figures 8 and 9) was
accomplished using an in-house deconvolution program
written in Python employing the least-squares cost function
from the iminuit minimization software package' (see the

https://doi.org/10.1021/acs.jpca.5c03645
J. Phys. Chem. A 2025, 129, 10601-10615
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Figure 6. Deconvolution of two representative experimental spectra

showing data and spectral reconstruction after fitting. The residuals are also

shown to demonstrate the goodness of fit. (a) (--)-8-HQ(ipc),B rotation about y at a 20° rotation angle and (b) (+,+)-8-HQ(ipc),B rotation

about -x7 at a 210° rotation angle.

Supporting Information). The program was used to fit the
spectra with six Lorentzian functions after baseline adjustment,
and phase correction was completed using TopSpin version
4.3.0 (Bruker Biospin GmbH). The deconvolution was
facilitated by first fitting the spectrum as two groups having
three Lorentzian functions. The parameters obtained were
used as input to then fit the spectrum with six individual
Lorentzian functions such that the area under the curve for
each individual function was the same. The goodness of fit was
evaluated by residuals analysis (see Figure 6).

The correlations of the rotation plots and peak assignments
were assisted by the fact that the NMR chemical shift
frequency remains the same for certain pairs of crystal
orientations

Mounting -x"(® = 0°) = Mounting y* (6 = 0°) (23)
Mounting -x" (® = 90°) = Mounting-z" (® = 90°)  (24)
Mounting y* (@ = 90°) = Mounting -z" (6 = 0°) (25)

where the mountings are as shown in Figure 2c. This pairwise
coincidence arises as the NMR interactions are invariant under
rotation about the magnetic field axis.>”

We attempted to observe any ''B satellite transitions

3><—>‘1>, ——> ‘ ——>) over + 519 ppm/100 kHz

2 2
(see the Supporting Information) for a limited number of
orientations but any satellite peaks were below our detection
limit. As shown in Figure 7, our simulation for the g single-
crystal NMR spectra suggests that the satellite transitions
should be found in a + 1.5 MHz window. We can remove the
effect of the first-order quadrupole by adding the satellite
frequencies, as described in ref.53 The resulting contributions
of the second-order quadrupolar—CSA and quadrupolar—ACS
couplings are also shown in Figure 7—these are on the order
of Hz. Additional magnet time will be required to more
exhaustively measure the likely broad and weak satellites
experimentally.

Analysis of Single-Crystal NMR Spectra. Quadrupolar
and Chemical Shielding Tensors. The optimized quadrupolar

10609 https://doi.org/10.1021/acs.jpca.5c03645
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ACS for the two enantiomers (D: blue, L: red) and quadrupolar—CSA (gray) contributions calculated from addition of the simulated satellite
frequencies, following ref*.

Table 5. Optimized Coefficients (in kHz) for ''B Rotation Data of (-,-)-8-HQ(ipc),B (up to 3 Significant Figures)

Mounting Nucleus A B C D E
«7 1 -224 1.43 -3.52 0.220 0.00429
yr -2.63 2.46 0.272 —0.402 —0.526
=2 —3.47 —-1.14 —0.574 —0.940 —-1.09
«T 2 —-1.74 1.30 3.55 —0.0424 —0.0274
¥ -2.75 2.59 1.01 -0.326 —0.558
27 —3.26 -1.19 —0.629 —0.957 -1.13

Table 6. Optimized Coefficients (in kHz) for ''B Rotation Data of (+,+)-8-HQ(ipc),B (up to 3 Significant Figures)

Mounting Nucleus A B C D E
«7 1 -2.77 —0.0218 —2.61 0.911 0.405
e —-3.85 —0.0658 0.820 0.510 1.54
-z -1.87 -1.93 2.05 0.605 —0.0456
-« 2 —0.903 -1.81 0.662 —0.374 —0.494
yr —2.05 0.689 -191 —0.481 0.490
2" —2.04 —0.698 0.778 —0.289 0.806

and CSA parameters, along with their errors, were obtained by
fitting the middle transition of each site using the Analysis of
Single-Crystal Spectra (ASICS) software package.’” Since the
coupling partner for ''B is '*N, the m = 0 energy level of '*N
does not influence the middle transition of *'B.

The rotation plots shown in Figures 8 and 9 were fit
according to eqs 11 and 12. Tables S and 6 summarize the

optimized coefficients provided by ASICS for the magnetically
nonequivalent B nuclei in (--)-8-HQ(ipc),B and (+,+)-8-

HQ(ipc),B, respectively.

Table 7 summarizes the optimized experimental parameters,
with error limits estimated as 95% confidence intervals of
individual parameters for the ''B nucleus, along with the DFT
calculations of quadrupolar coupling and CSA parameters for

10610
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Figure 8. Rotation plots for the ''B central transition in (-,-)-8-
HQ(ipc),B showing experimental resonances with two magnetically
nonequivalent ''B nuclei under rotation of the three orientations of
the crystal sample. The curves are constructed from optimized
coefficients (see Table S).

"B and "N nuclei in both the enantiomers of 8-HQ(ipc),B.
For the "B nucleus, we observed good correspondence
between the theoretically computed and the experimental
parameters, within 95% confidence intervals. For some
parameters, the confidence interval could not be reliably
estimated as chi-square values (goodness of fit) for those
parameters were not normally distributed.

Enantiomers are expected to have the same quadrupolar
coupling tensor, CSA tensor, and relative orientation of both
tensors in the PAS. The experimentally determined parameters
for both enantiomers are indeed similar. However, the
calculated C, values are lower, and the 7, values are higher,
for both enantiomers when compared to the experimental
values. The "B NMR parameters obtained in this study are
most comparable to those reported for boronic esters by Weiss
et al.>* This correspondence is likely coincidental, as the
boronic esters have a trigonal planar boron center attached to
an aromatic ring and two oxygens, while the tetrahedral boron
in this study’s 8-HQ(ipc),B molecule is attached to a phenolic
oxygen, an aromatic nitrogen, and two aliphatic carbons, so the
borons in the previous work and this study have quite
dissimilar coordination and electronic environments.

The Euler angles (a, b, and ¢) describing PAF (CSA) relative
to PAF(Q) are also listed in Table 7. Among these, the angle a
shows the largest statistical uncertainty, likely due to the
inaccurate determination of 775 which varies between 67% and
100% and has correlation with the Euler angle a.>® Because the
projection direction of the quadrupolar and CSA tensor
principal axes can be ambiguous, the Euler angles are rotated
by 180° when necessary to enable direct comparison. The

https://doi.org/10.1021/acs.jpca.5c03645
J. Phys. Chem. A 2025, 129, 10601-10615


https://pubs.acs.org/doi/10.1021/acs.jpca.5c03645?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c03645?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c03645?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c03645?fig=fig8&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.5c03645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

| s s S
o- / .//
/ g /
¥

- /

|

L

o
L
A
Mounting —x"

Chemical Shift / kHz

W Nucleus 1
3 Nucleus 2

5 _
z 0 -
N 2 ) /' \\\ : / \\ =
0 VA /™ VAN Ve
g | 4 \ ) \ / \ W <
£ \ \ n \ / . 2
2 { \ / N / =
5 '\.J/‘ \ / \ /
i - P \ ¥
\/ \ /
: w A ¥
MW Nucleus 1 L]
1 Nucleus 2 N
/ " " -\-\
\ \
/ ‘- Vs ]

Chemical Shift / kHz
\
=
=
=
e
Mounting —z"

#

| e
ey

%0 %0

"

o 70
Angle / degrees

] £y 00

Figure 9. Rotation plots for the ''B central transition in (+,+)-8-
HQ(ipc),B showing experimental resonances with two magnetically
nonequivalent ''B nuclei under rotation of the three orientations of
the crystal sample. The curves are constructed from optimized
coefficients (see Table 6).

triple of Euler angles relating the quadrupolar PAF with crystal
axis frame were also calculated and are listed in the Supporting
Information.

Spin—Spin Coupling. To qualitatively analyze the spin—spin
coupling in the rotation plots for both enantiomers, a similar
approach to that of Lumsden et al.”® was followed. The upper
and lower bounds on the magnitude of the ""B—"*N spin—spin
coupling (Av) as the sample is systematically rotated about the
magnetic field are given as

AI‘/max = ]jso - 2’(IQDD - A]/3) (26)

Dby, = Joo T (Rpp — AJ/3) (27)

where Ji, is the isotropic indirect spin—spin coupling constant,
AJ is the anisotropy of the indirect spin—spin coupling tensor,
and Rpp is the magnitude of direct dipolar coupling between
the "B and "*N nuclei given as

(uo )( h )[VIIBYHN]

Rop=——N>-ll-5+

4 \2m )\ (rin) (28)
Jiso Was calculated to be 6.0 Hz and Rpp to be —679.1 Hz (rgy
= 1.6 A) for both the enantiomers using DFT calculations.
Figures 10 and 11 show the variation of the spin—spin dipolar
coupling between '"B—'*N for rotation about the three
orthogonal tenon axes, along with the DFT-calculated range
for spin—spin dipolar coupling. As the magnitudes of the values

Av rarely exceed A v, and A v, our results suggest little
contribution from the anisotropic part of the J tensor.
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Figure 10. Rotation plots for the ""B—'*N spin—spin coupling in
(--)-8-HQ(ipc),B showing experimental resonances with two
magnetically nonequivalent sites under rotation of the three
orientations of the crystal sample. The dashed line show calculated
range of the spin—spin coupling from the DFT calculations.

B CONCLUSIONS

We have investigated the ''B sites in a pair of chiral
enantiomers using single-crystal NMR spectroscopy to probe
both quadrupolar and chemical shielding tensor components,
thereby providing insights into the magnetic and electronic
structures of chiral systems. By analyzing the central transition

(‘l> - ‘ -1 >) of ''B, we determined the NMR quadrupolar
2 2

tensor parameters for both enantiomers of 8-HQ(ipc),B.
These parameters were found to be statistically similar within a
95% confidence interval, as expected, underscoring the utility
of single-crystal NMR in resolving NMR tensor components in
chiral compounds. The good agreement between the
experimental results and DFT calculations further supports
the validity of our findings.

However, the "*N peak transitions and satellite transitions
for ''B were not observable. For N, this is attributed to its
low gyromagnetic ratio, while for ''B, the absence of satellite
transitions is likely due to the limited number of scans and
potential crystal imperfections that broaden the satellite lines
more severely than the central transition. These limitations
hinder the experimental detection of quadrupolar-antisym-
metric chemical shift (Q-ACS) cross-terms, which are only
accessible through nonsymmetric satellite transitions such as
3 1 1 3 . s
‘§> s ‘§> and ‘ - §> g ‘ - §>. In symmetric transitions
like the central transition, the Q-ACS cross-terms vanish and
thus are unobservable.

Despite these experimental constraints, DFT-calculated
antisymmetric components of the chemical shielding tensor
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Figure 11. Rotation plots for the ''B— '*N spin—spin coupling in (+,
+)-8-HQ(ipc),B showing experimental resonances with two magneti-
cally nonequivalent sites under rotation of the three orientations of
the crystal sample. The dashed line shows the calculated range of the
spin—spin coupling from the DFT calculations.

(ACS) for each enantiomer exhibit the expected chiral
signatures—namely, equal magnitudes with opposite signs
for corresponding components except for the component lying
in the mirror symmetry plane. For UB the ACS components
are on average approximately 3% the magnitude of the
anisotropic chemical shift, suggesting that chiral influences
would manifest as Ad~+ 4—6 ppm, provided that Q-ACS
interactions in the satellite transitions could be observed in
future studies.

DFT calculations yield valuable information about the
extended electronic structure of the chiral environment.
Although the nitrogen atom in 8-HQ(ipc),B is not itself a
stereogenic chiral center—it lies within a mirror plane and
adopts a coplanar sp>-hybridized geometry—it nonetheless
participates in the chiral framework of the molecule. As a
result, its chemical shift tensor also contains antisymmetric
components, which appropriately invert in sign between the
enantiomers. The magnitude of the ACS components for '*N
is approximately 17% of the anisotropic chemical shift.

This study underscores the need for further experimental
investigations to access quadrupolar-antisymmetric chemical
shift (Q-ACS) cross-terms through satellite transitions of
quadrupolar nuclei in chiral systems. Such studies would
greatly enhance the applicability of solid-state NMR spectros-
copy for probing the molecular chirality. Future work will focus
on exploring cross-correlations between quadrupolar and
chemical shielding tensors in quadrupolar nuclei, aiming to
deepen our understanding of chiral electronic environments
and broaden the impact of NMR in areas such as materials

science, pharmaceutical development, stereochemical analysis,
and astrobiology.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpca.5c0364S.

X-ray orientation of (+,+) and (--)-8-HQ(ipc)2B, in-
house deconvolution program script, NMR pulse
program used for data collection, NMR wide scan
spectrum, Euler angles relating the PAF(Q) to
goniometer and crystal axis frame (PDF)

NMR spectra (XLSX)

B AUTHOR INFORMATION

Corresponding Authors

Sungsool Wi — National High Magnetic Field Laboratory,
Tallahassee, Florida 32310, United States;
Email: sungsool@magnet.fsu.edu

John B. Miller — Department of Chemistry, Western Michigan
University, Kalamazoo, Michigan 49008, United States;

orcid.org/0000-0002-7026-8366; Email: john.b.miller@

wmich.edu

Authors

Shiva Agarwal — Department of Physics, Western Michigan

University, Kalamazoo, Michigan 49008, United States;
orcid.org/0000-0001-8497-5523

Zhongrui Li — Electron Microbeam Analysis Laboratory,
University of Michigan, Ann Arbor, Michigan 48109, United
States

Jason Kitchen — National High Magnetic Field Laboratory,
Tallahassee, Florida 32310, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpca.5c03645

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

A portion of this work was performed at the National High
Magnetic Field Laboratory (NHMFL), which is supported by
National Science Foundation Cooperative Agreement No.
DMR-2128556 and the State of Florida. We thank the Gordon
and Betty Moore Foundation for financially supporting this
research through Grant GBMF7799 to Western Michigan
University as well as the NASA Early Career Collaboration
Award to S.A. that partially supported travel to NHMFL. This
work was facilitated by software tools (specifically Magres-
Python and Soprano) developed by the Collaborative
Computing Project for NMR Crystallography, funded by
EPSRC grant EP/T026642/1.

B REFERENCES

(1) Agranat, L; Caner, H.; Caldwell, J. Putting chirality to work: the
strategy of chiral switches. Nat. Rev. Drug Discovery 2002, 1, 753—768.

(2) Brookes, J. C.; Horsfield, A.; Stoneham, A. Odour character
differences for enantiomers correlate with molecular flexibility. J. R.
Soc.,, Interface 2009, 6, 75—86.

(3) Dubovski, N.; Ben Shoshan-Galeczki, Y.; Malach, E.; Niv, M. Y.
Taste and chirality: I-glucose sweetness is mediated by TASIR2/
TAS2R3 receptor. Food Chem. 2022, 373, 131393.

https://doi.org/10.1021/acs.jpca.5c03645
J. Phys. Chem. A 2025, 129, 10601-10615


https://pubs.acs.org/doi/10.1021/acs.jpca.5c03645?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c03645/suppl_file/jp5c03645_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c03645/suppl_file/jp5c03645_si_002.xlsx
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sungsool+Wi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:sungsool@magnet.fsu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+B.+Miller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7026-8366
https://orcid.org/0000-0002-7026-8366
mailto:john.b.miller@wmich.edu
mailto:john.b.miller@wmich.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shiva+Agarwal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8497-5523
https://orcid.org/0000-0001-8497-5523
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhongrui+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jason+Kitchen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c03645?ref=pdf
https://doi.org/10.1038/nrd915
https://doi.org/10.1038/nrd915
https://doi.org/10.1098/rsif.2008.0165
https://doi.org/10.1098/rsif.2008.0165
https://doi.org/10.1016/j.foodchem.2021.131393
https://doi.org/10.1016/j.foodchem.2021.131393
https://pubs.acs.org/doi/10.1021/acs.jpca.5c03645?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c03645?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c03645?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.5c03645?fig=fig11&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.5c03645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

(4) Blackmond, D. G. Asymmetric autocatalysis and its implications
for the origin of homochirality. Proceedings of the National Academy of
Sciences of the United States of America; National Academy of Sciences,
2004; Vol. 101, pp. 5732—5736.

(5) Famiano, M. A;; Boyd, R. N.; Kajino, T.; Onaka, T.; Mo, Y.
Amino Acid Chiral Selection Via Weak Interactions in Stellar
Environments: Implications for the Origin of Life. Sci. Rep. 2018, 8,
8833.

(6) Kumar Vashistha, V. Chiral Analysis of Pharmaceuticals Using
NMR Spectroscopy: A Review. Asian J. Org. Chem. 2022, 11 (12),
No. €202200544.

(7) Bisoyi, H. K; Li, Q. Liquid crystals: versatile self-organized smart
soft materials. Chem. Rev. 2022, 122, 4887—4926.

(8) Zor, E.; Bingol, H.; Ersoz, M. Chiral sensors. TrAC, Trends Anal.
Chem. 2019, 121, 115662.

(9) Famiano, M. A; Boyd, R. N; Onaka, T.; Kajino, T. Chiral
selection, isotopic abundance shifts, and autocatalysis of meteoritic
amino acids. Phys. Rev. Res. 2021, 3, 033025.

(10) Glavin, D. P.; Elsila, J. E.; McLain, H. L.; Aponte, J. C.; Parker,
E. T.; Dworkin, J. P.; Hill, D. H.; Connolly, H. C.; Lauretta, D. S.
Extraterrestrial amino acids and L-enantiomeric excesses in the CM2
carbonaceous chondrites Aguas Zarcas and Murchison. Meteoritics and
Planetary Science; University of Arkansa: Publisher, 2021; Vol. 56, pp.
148—173.

(11) Glavin, D. P.; Burton, A. S.; Elsila, J. E.; Aponte, J. C.; Dworkin,
J. P. The Search for Chiral Asymmetry as a Potential Biosignature in
our Solar System. Chem. Rev. 2020, 120, 4660—4689.

(12) Buckingham, A. D. Chirality in NMR spectroscopy. Chem. Phys.
Lett. 2004, 398, 1-5.

(13) Buckingham, A. D. Chiral discrimination in NMR spectroscopy.
Q. Rev. Biophys. 2015, 48, 421—423.

(14) Buckingham, A. D.; Lazzeretti, P.; Pelloni, S. Chiral
discrimination in NMR spectroscopy: computation of the relevant
molecular pseudoscalars. Mol. Phys. 2015, 113, 1780—178S5.

(15) Buckingham, A. D.; Fischer, P. Direct chiral discrimination in
NMR spectroscopy. Chemical Physics; North-Holland: Publisher, 2006;
Vol. 324, pp. 111-116.

(16) Venkatesh, A.; Wijesekara, A. V.; O’'Dell, L. A.; Rossini, A. J.
Comment on “chirality-induced electron spin polarization and
enantiospecific response in solid-state cross-polarization nuclear
magnetic resonance”. ACS Nano 2019, 13, 6130—6132.

(17) Paquin, R.; Pelupessy, P.; Duma, L.; Gervais, C.; Bodenhausen,
G. Determination of the antisymmetric part of the chemical shift
anisotropy tensor via spin relaxation in nuclear magnetic resonance. J.
Chem. Phys. 2010, 133, 034506.

(18) Anet, F. A;; O’Leary, D. J.; Wade, C. G.; Johnson, R. D. NMR
relaxation by the antisymmetric component of the shielding tensor: a
longer transverse than longitudinal relaxation time. Chem. Phys. Lett.
1990, 171, 401—40S.

(19) Wi, S.; Frydman, L. Quadrupolar-shielding cross-correlations in
solid state nuclear magnetic resonance: Detecting antisymmetric
components in chemical shift tensors. J. Chem. Phys. 2002, 116,
1551-1561.

(20) Wolf, T.; Eden-Kossoy, A.; Frydman, L. Indirectly detected
satellite-transition quadrupolar NMR via progressive saturation of the
proton reservoir. Solid State Nucl. Magn. Reson. 2023, 125, 101862.

(21) Sears, D. N.; Jameson, C. J.; Harris, R. A. Nuclear magnetic
shielding and chirality. I. The shielding tensor of Xe interacting with
Ne helices. J. Chem. Phys. 2003, 119, 2685—2690.

(22) Moeder, C. W.; Whitener, M. A.; Sowa, J. R. Quantitative
Stereochemical Analysis of a Reagent That Exhibits Asymmetric
Amplification, B -Chlorodiisopinocampheylborane (Dip-Cl). J. Am.
Chem. Soc. 2000, 122, 7218—7225.

(23) Pickard, C.; Mauri, F. All-electron magnetic response with
pseudopotentials: NMR chemical shifts. Phys. Rev. B 2001, 63,
245101.

(24) Bonhomme, C.; Gervais, C.; Coelho, C.; Pourpoint, F.; AzaAs,
T.; Bonhomme-Coury, L.; Babonneau, F.; Jacob, G.; Ferrari, M,;
Canet, D.; Yates, J. R;; Pickard, C. J; Joyce, S. A.; Mauri, F.; Massiot,

D. New perspectives in the PAW/GIPAW approach: JP-O-Si coupling
constants, antisymmetric parts of shift tensors and NQR predictions.
Magn. Reson. Chem. 2010, 48 (S1), SS86—S102.

(25) Haeberlen, U. High Resolution NMR in Solids Selective
Averaging; Advances in magnetic resonance; 1; Academic Press, 1976;
p 190.

(26) Vosegaard, T. Single-crystal NMR spectroscopy. Prog. Nucl.
Magn. Reson. Spectrosc. 2021, 123, S1-72.

(27) Millot, Y.; Man, P. P. Active and passive rotations with Euler
angles in NMR. Concepts Magn. Reson., Part A 2012, 40, 215—252.

(28) Mueller, L. J. Tensors and rotations in NMR. Concepts Magn.
Reson., Part A 2011, 384, 221-235.

(29) Brown, H. C.; Racherla, U. S.; Liao, Y.; Khanna, V. V. Chiral
Synthesis via Organoboranes. 35. Simple Procedures for the Efficient
Recycling of the Terpenyl Chiral Auxiliaries and Convenient Isolation
of the Homoallylic Alcohols in Asymmetric Allyl- and Crotylboration
of Aldehydes. J. Org. Chem. 1992, 57, 6608—6614.

(30) Smallman, R.; Ngan, A. Modern Physical Metallurgy; Elsevier,
2014; pp. 159—250.

(31) Altomare, A.; Cuocci, C.; Giacovazzo, C.; Moliterni, A.; Rizzi,
R.; Corriero, N.; Falcicchio, A. 1t EXPO2013: a kit of tools for phasing
crystal structures from powder data. J. Appl. Crystallogr. 2013, 46,
1231-1238.

(32) Altomare, A.; Campi, G.; Cuocci, C.; Eriksson, L.; Giacovazzo,
C.; Moliterni, A.; Rizzi, R,; Werner, P.-E. Advances in powder
diffraction pattern indexing: 1t N-TREORO09. J. Appl. Crystallogr.
2009, 42, 768—775.

(33) Altomare, A.; Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G.
G.; Rizzi, R; Werner, P.-E. New techniques for indexing: 1t N-
TREOR in 1t EXPO. J. Appl. Crystallogr. 2000, 33, 1180—1186.

(34) Gor’kov, P. L.; Chekmenev, E. Y.; Li, C.; Cotten, M.; Buffy, J.
J.; Traaseth, N. J; Veglia, G.; Brey, W. W. Using low-E resonators to
reduce RF heating in biological samples for static solid-state NMR up
to 900 MHz. J. Magn. Reson. 2007, 185, 77—93.

(35) Vosegaard, T.; Langer, V.; Daugaard, P.; Hald, E.; Bildsee, H.;
Jakobsen, H. J. A new goniometer design for single-crystal nuclear
magnetic resonance spectroscopy. Rev. Sci. Instrum. 1996, 67 (6),
2130-2133.

(36) Clark, S. J.; Segall, M. D.; Pickard, C. J.; Hasnip, P. J.; Probert,
M. J.; Refson, K; Payne, M. First principles methods using CASTEP.
Z. Kristallogr. 2005, 220, 567—570.

(37) Perdew, J. P.; Ruzsinszky, A,; Csonka, G. L; Vydrov, O. A;
Scuseria, G. E.; Constantin, L. A.; Zhou, X.; Burke, K. Restoring the
density-gradient expansion for exchange in solids and surfaces. Phys.
Rev. Lett. 2008, 100, 136406.

(38) Hohenberg, P.; Kohn, W. Inhomogeneous electron gas. Phys.
Rev. 1964, 136, B864—B871.

(39) Kohn, W.; Sham, L. J. Self-consistent equations including
exchange and correlation effects. Phys. Rev. 1965, 140, A1133—A1138.

(40) Francis, G. P,; Payne, M. C. Finite basis set corrections to total
energy pseudopotential calculations. J. Phys.: Condens. Matter 1990, 2,
4395—4404.

(41) Monkhorst, H. J.; Pack, J. D. Special points for Brillouin-zone
integrations. Phys. Rev. B 1976, 13, 5188—5192.

(42) Payne, M. C.; Teter, M. P; Allan, D. C.; Arias, T.;
Joannopoulos, J. D. Iterative minimization techniques for ab initio
total-energy calculations - molecular-dynamics and conjugate
gradients. Rev. Mod. Phys. 1992, 64, 1045—1097.

(43) Pfrommer, B. G.; Cote, M,; Louie, S. G.; Cohen, M. L.
Relaxation of crystals with the quasi-Newton method. J. Comput. Phys.
1997, 131, 233-240.

(44) Byrd, R. H; Nocedal, J.; Schnabel, R. B. Representations of
quasi-Newton matrices and their use in limited memory methods.
Math. Prog. 1994, 63, 129—156.

(45) Profeta, M. M. F.; Pickard, C. J,; Pickard, C. J. Accurate First
Principles Prediction of 170 NMR Parameters in SiO2: Assignment
of the Zeolite Ferrierite Spectrum. J. Am. Chem. Soc. 2003, 125 (2),
541.

https://doi.org/10.1021/acs.jpca.5c03645
J. Phys. Chem. A 2025, 129, 10601-10615


https://doi.org/10.1038/s41598-018-27110-z
https://doi.org/10.1038/s41598-018-27110-z
https://doi.org/10.1002/ajoc.202200544
https://doi.org/10.1002/ajoc.202200544
https://doi.org/10.1021/acs.chemrev.1c00761?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00761?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.trac.2019.115662
https://doi.org/10.1103/PhysRevResearch.3.033025
https://doi.org/10.1103/PhysRevResearch.3.033025
https://doi.org/10.1103/PhysRevResearch.3.033025
https://doi.org/10.1021/acs.chemrev.9b00474?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00474?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cplett.2004.08.046
https://doi.org/10.1017/S0033583515000074
https://doi.org/10.1080/00268976.2015.1012566
https://doi.org/10.1080/00268976.2015.1012566
https://doi.org/10.1080/00268976.2015.1012566
https://doi.org/10.1021/acsnano.9b00221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b00221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b00221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.3445777
https://doi.org/10.1063/1.3445777
https://doi.org/10.1016/0009-2614(90)85237-7
https://doi.org/10.1016/0009-2614(90)85237-7
https://doi.org/10.1016/0009-2614(90)85237-7
https://doi.org/10.1063/1.1406533
https://doi.org/10.1063/1.1406533
https://doi.org/10.1063/1.1406533
https://doi.org/10.1016/j.ssnmr.2023.101862
https://doi.org/10.1016/j.ssnmr.2023.101862
https://doi.org/10.1016/j.ssnmr.2023.101862
https://doi.org/10.1063/1.1586698
https://doi.org/10.1063/1.1586698
https://doi.org/10.1063/1.1586698
https://doi.org/10.1021/ja000158j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja000158j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja000158j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.63.245101
https://doi.org/10.1103/PhysRevB.63.245101
https://doi.org/10.1002/mrc.2635
https://doi.org/10.1002/mrc.2635
https://doi.org/10.1016/j.pnmrs.2021.01.001
https://doi.org/10.1002/cmr.a.21242
https://doi.org/10.1002/cmr.a.21242
https://doi.org/10.1002/cmr.a.20224
https://doi.org/10.1021/jo00050a044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00050a044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00050a044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00050a044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00050a044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S0021889813013113
https://doi.org/10.1107/S0021889813013113
https://doi.org/10.1107/S0021889809025503
https://doi.org/10.1107/S0021889809025503
https://doi.org/10.1107/S0021889800006427
https://doi.org/10.1107/S0021889800006427
https://doi.org/10.1016/j.jmr.2006.11.008
https://doi.org/10.1016/j.jmr.2006.11.008
https://doi.org/10.1016/j.jmr.2006.11.008
https://doi.org/10.1063/1.1147026
https://doi.org/10.1063/1.1147026
https://doi.org/10.1524/zkri.220.5.567.65075
https://doi.org/10.1103/PhysRevLett.100.136406
https://doi.org/10.1103/PhysRevLett.100.136406
https://doi.org/10.1103/PhysRev.136.B864
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1088/0953-8984/2/19/007
https://doi.org/10.1088/0953-8984/2/19/007
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/RevModPhys.64.1045
https://doi.org/10.1103/RevModPhys.64.1045
https://doi.org/10.1103/RevModPhys.64.1045
https://doi.org/10.1006/jcph.1996.5612
https://doi.org/10.1007/BF01582063
https://doi.org/10.1007/BF01582063
https://doi.org/10.1021/ja027124r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja027124r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja027124r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.5c03645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

(46) Pickard, C. J.; Mauri, F. All-electron magnetic response with
pseudopotentials: NMR chemical shifts. Phys. Rev. B 2001, 63 (24),
245101.

(47) Yates, J. R; Pickard, C. J.; Mauri, F. Calculation of NMR
Chemical Shifts for extended systems using Ultrasoft Pseudopoten-
tials. Phys. Rev. B 2007, 76 (2), 244401.

(48) Green, T.; Yates, J. Relativistic nuclear magnetic resonance J-
coupling with ultrasoft pseudopotentials and the zeroth-order regular
approximation. J. Chem. Phys. 2014, 140, 234106.

(49) Bonhomme, C.; Gervais, C.; Babonneau, F.; Coelho, C,;
Pourpoint, F.; Azais, T.; Ashbrook, S. E.; Griffin, J. M,; Yates, J. R;;
Mauri, F.; et al. First-Principles Calculation of NMR Parameters
Using the Gauge Including Projector Augmented Wave Method: A
Chemist’s Point of View. Chem. Rev. 2012, 112, 5733.

(50) Joyce, S.; Yates, J.; Pickard, C.; Mauri, F. A First Principles
Theory of Nuclear Magnetic Resonance J-Coupling in solid-state
systems. J. Chem. Phys. 2007, 127, 204107.

(51) Dembinski, H. P. iminuit: fitting models to data. PyHEP 2022
Workshop, 2022.

(52) Vosegaard, T.; Hald, E.; Langer, V.; Skov, H. J.; Daugaard, P.;
Bildsee, H.; Jakobsen, H. J. Improved Hardware and Software for
Single-Crystal NMR Spectroscopy. ]. Magn. Reson. 1998, 135, 126—
132.

(53) Hansen, M. R;; Vosegaard, T.; Jakobsen, H. J.; Skibsted, J. )
Chemical Shift Anisotropies in Borates from "B MAS, MQMAS, and
Single-Crystal NMR Spectroscopy. J. Phys. Chem. A 2004, 108 (108),
586—594.

(54) Weiss, J. W. E; Bryce, D. L. A Solid-State 11B NMR and
Computational Study of Boron Electric Field Gradient and Chemical
Shift Tensors in Boronic Acids and Boronic Esters. J. Phys. Chem. A
2010, 114, 5119-5131.

(55) Vosegaard, T.; Skibsted, J.; Bildsee, H.; Jakobsen, H. J.
Quadrupole Coupling and Anisotropic Shielding from Single-Crystal
NMR of the Central Transition for Quadrupolar Nuclei.87Rb NMR
of RbClO4and Rb2SO4. ]. Magn. Reson., Ser. A 1996, 122, 111—119.

(56) Lumsden, M. D.; Eichele, K.; Wasylishen, R. E.; Cameron, T.
S.; Britten, J. F. Determination of a 199Hg-31P Indirect Spin-Spin
Coupling Tensor via Single-Crystal Phosphorus NMR Spectroscopy.
J. Am. Chem. Soc. 1994, 116, 11129—11136.

10615

CAS INSIGHTS™

EXPLORE THE INNOVATIONS
SHAPING TOMORROW

Discover the latest scientific research and trends with CAS Insights.
Subscribe for email updates on new articles, reports, and webinars
at the intersection of science and innovation.

Subscribe today

https://doi.org/10.1021/acs.jpca.5c03645
J. Phys. Chem. A 2025, 129, 10601-10615


https://doi.org/10.1103/PhysRevB.63.245101
https://doi.org/10.1103/PhysRevB.63.245101
https://doi.org/10.1103/PhysRevB.76.024401
https://doi.org/10.1103/PhysRevB.76.024401
https://doi.org/10.1103/PhysRevB.76.024401
https://doi.org/10.1063/1.4882678
https://doi.org/10.1063/1.4882678
https://doi.org/10.1063/1.4882678
https://doi.org/10.1021/cr300108a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr300108a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr300108a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2801984
https://doi.org/10.1063/1.2801984
https://doi.org/10.1063/1.2801984
https://doi.org/10.1006/jmre.1998.1551
https://doi.org/10.1006/jmre.1998.1551
https://doi.org/10.1021/jp030939h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp030939h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp030939h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp101416k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp101416k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp101416k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1006/jmra.1996.0186
https://doi.org/10.1006/jmra.1996.0186
https://doi.org/10.1006/jmra.1996.0186
https://doi.org/10.1021/ja00103a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00103a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.5c03645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://solutions.cas.org/CASInsights_Subscribe?utm_campaign=GLO_GEN_ANY_CIS_AWS&utm_medium=DSP_CAS_ORG&utm_source=Publication_CEN&utm_content=pdf_footer 

